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PREFACE 


Hardenability, in the 

broad sense of a quantitative understanding and control of quenching 
and tempering, has resulted in a greater opportunity than ever before 
for the rational selection and the effective heat treatment of carbon and 
low-alloy steels. The accelerated research and the rapid transfer to the 
shop of knowledge gained in the laboratory during World War II 
demonstrated that hardenability calculations were of much value in 
striving for increased economy in the use of alloying elements and for 
improved serviceability of parts fabricated from heat-treated steels. So 
rapid has been this development, however, that the information has up 
to now been available only in hundreds of scattered articles in many 
publications available to the metallurgist only after laborious research 
and critical review. In order to facilitate the use of this information, 
therefore, this book has been prepared to consolidate and summarize 
into a coordinated pattern the hardenability theories and calculations 
that are well supported by facts. The underlying principles are outlined 
for the student and for those engineers and executives who lack the 
opportunity to secure an intimate knowledge of the subject; they should 
also be useful for the guidance of metallurgists who must use the calcula- 
tions. For those metallurgists, materials engineers, and designers who 
are responsible for the selection and heat treatment of steel, the whole 
pattern of hardenability equations, tables, and graphs is assembled for 
ready reference. 

Hardenability calculations for the selection of steel and for the deter- 
mination of proper heat treatment represent quantitative predictions 
of behavior for each step in the process of economically developing 
reliable qualities in the finished product. These separate steps involve 
the evaluation of quenching rates, of depth of hardening in quenching 
(hardenability in its restricted sense), and of softening and toughening 
in tempering; and also the effects of chemical composition on this evalua- 
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tion and on the resulting mechanical properties. The quantitative 
accuracy of calculations of hardenability is good enough to be exceed- 
ingly helpful and poor enough to stimulate criticism and improvement. 
This challenge has been met with enthusiasm by many workers, and 
continual revision of basic data, factors, and methods of calculation has 
tended to increase accuracy but, unfortunately, at the expense of clarity. 
In order to maintain the highest degree of utility, some otherwise accept- 
able modifications of the basic constants or calculations have necessarily 
been treated rather briefly in this book where it appeared that the benefit 
was not commensurate with the loss of simplicity. 

Utility has been used as the principal criterion in the selection of the 
subject matter, and theoretical considerations have been limited to the 
relatively uncontroversial field where the factual confirmation is strong. 
This position was not taken to imply that the theories and calculations 
of hardenability can be considered as a closed book and treated as a 
mechanical function. Successful application of steel has always required 
and still demands a high degree of intuitive judgment and a wealth of 
experience. Hardenability calculations can only present a frame of 
reference that is useful as a guide to better and more accurate decisions. 
This should be emphasized most strongly with respect to the chapters 
dealing with the economical selection of steel and with the relation 
between the conventional mechanical properties and serviceability. 

We wish to acknowledge our indebtedness to many friends in the 
industry from whom we have absorbed consciously and unconsciously 
ideas that are expressed in the book. Special acHnowledgment is due to 
our colleagues who have contributed their help liberally; notably to 
A. B. Kinzel, President, Union Carbide and Carbon Research Labora- 
tories, Inc., for his stimulating interest, constructive suggestions, and 
steadfast support; to S. M. Norwood, Vice-President, and G. K. Herzog 
and R. K. Kulp, of the Electro Metallurgical Division, Union Carbide 
and Carbon Corp., for their valuable contributions to the initial plan 
and for a careful review of the manuscript; to C. M. Offenhauer, Union 
Carbide and Carbon Research Laboratories, Inc., for continued helpful 
discussion and assistance; and to W. D. Forgeng, also of the Labora- 
tories, who prepared a number of micrographs especially to illustrate 
structures described in the text. Appreciation is also due to Union 
Carbide and Carbon Research Laboratories, Inc., and to Electro Metal- 
lurgical Divisipn,’Union Carbide and Carbon Corp., for their continued 
support of research on hardenability over many years, as well as for 
their permission to write and publish this book. 

The source of all the data and illustrations not obtained in the authors’ 
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laboratory is clearly indicated in the text and by the references in the 
bibliography. In this connection special thanks should be accorded by 
us (and by all authors as well) to the American Society for Metals, Ameri- 
can Institute of Mining and Metallurgical Engineers, American Iron and 
Steel Institute, The Society of Automotive Engineers, and other technical 
societies, and to a large number of publishers of technical books and 
journals for their long-continued policy of permitting the reproduction 
and use of data in text, tables, and charts copyrighted by them, provided 
reference to the original source is made. This liberal policy has been a 
large factor in the wide dissemination of metallurgical knowledge and is, 
in no small measure, responsible for the steady advance of the art and 
science of metallurgy in this country and in certain areas abroad. 

Finally, we wish to express our appreciation to Frank T. Sisco, whose 
familiarity with the subject matter and whose wide experience as a 
technical editor were used to advantage in making the major revisions 
in the original manuscript that were necessary to present the subject in 
its present connected form. 

Walter Crafts 
John L. Lamont 
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HARDENABILITY AND STEEL SELECTION 




CHAPTER 1 


THE HARDENABILITY 
PATTERN 


The fundamental 

operations underlying the production of a satisfactory tool or other 
hard and strong steel article are simple and consist of no more than 
heating iron containing considerable carbon to a bright red heat, cooling 
rapidly {quenching) to a temperature that will not burn the hand, and 
then reheating {tempering) to a temperature that will just char a piece 
of dry wood — an operation that is necessary to remove most of the 
brittleness caused by the rapid cooling. 

Because the art of quenching and tempering is simple it has been 
practiced successfully for many centuries; Homer, who probably lived 
in the ninth century B.C., describes it in the Odyssey in these words: 
‘‘And when a smith dips an axe or adze in chill water with a great 
hissing, then he would temper it, for whereby anon comes the strength 
of iron/’ There are many other references to the superiority of heat- 
treated steel in the literature of the Greeks, Romans — Pliny described 
it in detail in 77 A.D. — and other ancient but civilized peoples. 

In medieval times the art of quenching and tempering became highly 
developed, and the famous swordsmiths of Damascus, Spain, and Japan 
were thoroughly aware of the importance of complete hardening — of 
quenching to form a structure consisting primarily of the hard con- 
stituent martensite before tempering — although all they knew was that 
such a treatment produced a keen and lasting cutting edge on a blade 
that would not shatter in hand-to-hand combat. 

Despite the slow but steady progress in the art of heat treatment 

3 
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during ancient and medieval times there could, of course, be no real 
perfection of the art, nor could it be practiced economically on a large 
scale, until the underlying fundamentals regarding the effect of heat on 
the structure of iron and steel and the role played by carbon were under- 
stood, and- this understanding did not come until late in the history of 
iron. In 1722 Reaumur proposed an explanation for the difference 
between iron and steel that seems remarkably accurate today if we 
substitute carbon for R&iumur^s ^^sulphur and salts,^’ and 60 years 
later Bergman in Sweden formulated an hypothesis that eventually 
became the kej'^stone of the whole arch of heat treatment — that iron 
was allotropic and that steel differed from iron because of the carbon it 
contained. 

Bergman’s ideas about the role of carlx)n were shown to be correct 
by Davy who, in 1815, succeeded in producing steel by dissolving a 
diamond in molten iron. The final step in about 150 years of specula- 
tion on the inner nature of steel and why it hardened when quenched 
came in 1868, when Tchernoff read his classic paper at a meeting of the 
Imperial Russian Scientific Society.* He showed that steel cannot be 
hardened by quenching unless it contains considerable carlx)n and unless 
it is heated above a certain critical temperature which is nearly always 
in the vicinity of a cherry-red or a bright-red heat. 

1.1. Recent History of the Heat Treatment of Steel 

Practically everyone who is concerned with the manufacture, the 
processing, or the use of ferrous alloys knows that the hardening of 
steel is possible because iron can exist in two crystallographically differ- 
ent forms — alphay stable between normal temperature and about 1670°F. 
(910°C.), and gamma y staVjle above this latter temperature — and because 
carbon is soluble in gamma iron but practically insoluble in the alpha 
allotropic form. This is a basic and highly important phenomenon in 
our present-day civilization, and it is probably unfortunate that until 
comparatively recently we knew little about the structural changes that 
occur when alloys of iron and carbon are heated to a temperature where 
gamma iron is stable and are then cooled at various rates. One of the 
principal factors that prevented an earlier understanding of these 
changes was the lack of suitable methods for studying them. 

Credit for the first application of the microscope to the study of the 
structure of steel and other alloys is usually given to Sorby, who pre- 
sented his important papers on the subject to the British Iron and Steel 
Institute in 1885, 1886, and 1887. Martens had been working along 

♦Tchemoff's paper was not published until 1876 when a translation appeared in 
the British journal Engineering. 
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the same line in Germany and had reported his findings to the Verein 
Deutscher Ingenieure some seven or eight years earlier, but his work did 
not attract the attention it deserved. Another important development 
during this period was the invention, in 1888, of the platinum /platinum- 
rhodium thermocouple by Le Chatelier, which made available a simple 
and accurate method of studying the transformations in steel and other 
metallic alloys. 

With metallography and pyrometry available, study of the funda- 
mentals of the constitution and heat treatment of the alloys of iron and 
carbon and of the effect of a large number of other elements on the 
iron-carbon alloys began, and in the 30 years between 1890 and 1920 
more progress was made than in the 200 years previously. A large 
volume of experimental work was completed, and a multitude of tech- 
nical papers totaling at least a thousand printed pages were presented 
and discussed by Howe and Sauveur in the United States, Roberts- 
Austcn, Arnold, Rosenhain, and Hadfield in England, Le Chatelier, 
Osmond, and Guillet in France, Martens, Tammann, Heyn, and Ruer 
in Germany, Honda in Japan, and a host of others. 

This work gave us the iron-carbon diagram and considerable precise 
information on the effect of heating and cooling on the constitution and 
structure of carbon and alloy steels. It told us much about what 
happened in quenching but practically nothing about the relation 
between the quenched structure and the engineering properties of the 
steel after it was tempered and ready for use. This is a development 
of the last 15 or 20 years. 

1.2. The Development of the Hardenability Concept 

It has been known for nearly 50 years that steels vary widely in their 
response to heat treatment; i.e., in their hardenability) for example, it is 
common knowledge that practically all unalloyed carbon steels and some 
low-alloy steels, when quenched, even drastically in cold water, as 
sections larger than about 1 in., would harden ^only at and just below 
the surface, while other low-alloy steels would harden completely in 
large sections and when cooled in oil or even in air. It has also been 
known vaguely for many years that the important engineering prop- 
erties of steel — tensile and yield strength, elongation and reduction of 
area and other measures of ductility, endurance limit, impact resistance 
and other measures of toughness — were somehow related to the struc- 
ture after heat treatment; but there were no quantitative data to show 
whether this relation was close or not. 

Because of this varying response of the common engineering steels to 
heat treatment, and of the lack of definite knowledge of the relation 
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between structure and properties, it was natural that for many years 
metallurgists and engineers thought that each individual carbon and 
low-alloy steel had, when quenched and tempered, a unique set of 
properties that was an inherent characteristic of its chemical composi- 
tion and hfeat treatment. To some extent this is qualitatively true, but 
the assumption fails to take into consideration that the hardenability — 
which is a measure of the over-all response of a particular steel to quench- 
ing and is affected by the hardening temperature and time, cooling rate, 
section size, grain size, and other variables in addition to the various 
elements making up the chemical composition — must be known if 
optimum properties are desired. 

Another important factor that was overlooked until comparatively 
recently was that steels of the same hardenability, when quenched so 
that the structure is martensite and then tempered to the same strength, 
will have similar mechanical properties at least 90 per cent of the time. 
This means that the quenched structure is the most important variable 
in securing the desired properties, and the chemical composition can be 
varied widely, and various alloying elements or combinations of alloying 
elements and carl)on can be used provided the structure as quenched 
will be as desired. 

A large number of metallurgists, principally in the United States and 
to a lesser extent in Germany and England, have had a hand in the 
development of the modem concept of hardenability and the formula- 
tion of what might be called a new philosphy of the engineering prop- 
erties of carbon and low-alloy steels. The work of most of the American 
workers in this field forms the subject matter of the chapters that follow, 
and their imp)ortant publications are listed in the bibliography appended 
to this book; it is, therefore, unnecessary to name them here. 

The ramifications of the work on hardenability are already far- 
reaching,* and there are many indications that the principles under- 
lying hardenability and the closely related principles underlying the 
relation between structjire and engineering properties will become even 
more important in the future. 

I.3. The Fundamental Structure of Steel as Affected by Heat Treat- 
ment 

The over-all picture of the stmctural changes in carbon and low-alloy 
steels produced by heat treatment is relatively simple, and it has been 
sketched quite accurately so far as the broad outline is concerned. 

^Application of the principles of hardenability was largely responsible for the 
almost overnight development during the late war of the triple-alloy (National 
Emergency) steels, which were put into immediate production and use without the 
customarily long period of testing and preliminary trial. 
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When viewed from a distance the picture is a relatively coherent and 
meaningful whole, and the metallurgist or the engineer who wishes to 
use heat-treated carbon and low-alloy steels more effectively and more 
economically can make good use of it as it is now drawn. It is true 
that closer inspection reveals areas that are hazy, and that there are 
many details yet to be filled in; the picture will be more satisfactory 
when this is accomplished, but practically and pragmatically it is a good 
one now as the discussion in the chapters to come should show. 

Steel is essentially an alloy of iron and carbon and its final properties 
are controlled primarily by the size and distribution of the carbide 
particles present. When an iron-carbon alloy is heated above 1350 to 
1400°F. (730 to 760°C.) — the critical temperature — alpha iron, the 
allotropic form stable at and near room temperature, changes to gamma, 
and the carbon dissolves to form the high-temperature phase known in 
metallographic terminology as austenite. On cooling, the reverse changes 
occur, gamma iron changes to alpha {ferrite) ^ and the carbon as iron 
carbide {cementite), which is practically insoluble in alpha iron, is 
rejected to form an aggregate of ferrite and cementite. The structure 
(and the properties) of this aggregate depends on the cooling rate, or 
upon composition and other variables that have an effect analogous to 
changing the cooling rate. The meaning of this will become clear later. 

When austenite is cooled slowly from a temperature where gamma iron 
is stable and carbon is in solution, the gamma changes to alpha and the 
iron carbide is precipitated as discrete particles whose size depends 
upon the cooling rate and other variables. When austenite is cooled 
very rapidly, these changes are prevented until a temperature of about 
500°F. (260°C.) or lower is reached where the ganuna iron changes to 
an unstable strained alpha iron (tetragonal lattice) and the carbon is 
retained in supersaturated solution. This structure is known as 
martensite^ and when it is reheated (tempered) the strained lattice 
changes into the stable ferrite lattice and the carbon is precipitated. 
Further reheating increases the size of the carbide particles, and under 
some conditions they may become as large as the particles formed 
during slow cooling. 

When the austenite is cooled very rapidly to some temperature below 
that at which ganuna iron is stable and above that at which martensite 
is formed, the gamma iron tends to transform and precipitate its dis- 
solved carbon. As the temperature is lowered, this tendency or driving 
force increases, but at the same time the resistance of the material to 
change — sometimes called rigidity or viscosity — also increases. Thus, 
if austenite is cooled rapidly to any subcritical temperature (but above 
the martensite-formation temperature), the speed with which the trans- 
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formation occurs at this temperature and the resulting structure are 
dependent on a balance of these two forces. The transformation of 
austenite into an aggregate of ferrite and cementite (iron carbide) at 
any subcritical temperature and above the temperature at which mar- 
tensite forms takes place by nuclcation and growth — by the formation 
of small nuclei and the subsequent growth of these nuclei — and the 
process depends upon temperature, time, and other variables. 

When austenite is traiisfonned at temperatures between 1300 and 
about 1000°F. (705 and 540°C.), the aggregate that forms consists of 
ferrite and relatively coarse particles of cementite. Frequently this 
aggregate, which is known as pearlite, has a laminated appearance under 
the microscope. The aggregate formed at temperatures between 
approximately 1000°F. (540°C.) and the temperature where martensite 
fonns consists of ferrite and very small carbide particles; it has a feathery 
or acicular structure and is known as bainite. 

1.4. The Fundamental Relation between Structure and Properties 

Strength, hardness, and many other properties are related directly to 
the size and the distribution of the carbide particles. A steel with a 
pearlitic structure is soft, a steel with a bainitic structure is relatively 
hard, and a steel whose structure is mostly martensite is very hard. 
The hardness (and other properties) of the pearlitic or bainitic steels 
varies considerably with the size and distribution of the ferrite and 
carbide making up either of these aggregates. Reheating a steel that 
has a martensitic structure produces — in addition to the stabilization 
of the ferrite lattice — a coagulation of the carbide and a proportional 
softening. It is, therefore, possible to produce the same hardness either 
by the direct formation of pearlite or bainite or indirectly by tempering 
martensite. However, and this is imp)ortant, the carbides of tempered 
martensite are usually of favorable shape and favorable distribution, 
and the yield strength, ductility, and toughness of a steel are usually 
greater for a given hardness if the steel is processed through the inter- 
mediate martensitic step. Thus, the properties of steel depend in a 
large part on the degree to which martensite is produced in quenching 
or, to express it as the corollary, the degree to which the formation at 
elevated temperatures of ferrite, pearlite, or bainite is suppressed. 

The suppression of premature transformation may be accomplished 
by quenching so fast in water or oil that there is insufficient time for 
even partial transformation to take place at high temperatures; the 
cooling speed necessary to avoid this transformation is known as the 
critical cooling rate. Heat is abstracted from the steel by cooling the 
surface in the quenching, medium and then by conducting heat from 
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the inside to the surface; hence, complete cooling takes an appreciable 
time and becomes much sjower as the size of the piece (the mass) is 
increased. In plain carbon steels, the high-temperature formation of 
pearlite cannot be suppressed entirely if the section is much over J in. 
in diameter. In order to avoid such premature transformation at high 
temperatures, and to insure that martensite can be formed in larger 
sections that cool more slowly, the steel may be alloyed with elements 
such as manganese, silicon, nickel, chromium, and molybdenum. By the 
use of low-alloy steels it is possible to produce martensite and to obtain 
optimum mechanical properties in section sizes that are relatively large. 

Alloying elements suppress the high-temperature transformation to 
varying degrees, but their effects are not interdependent and for many 
of them one may be substituted for another to achieve the same effect 
on the critical cooling rate. They do, however, have individual effects 
on unhardened or partially hardened steels, and this may influence the 
conventional mechanical properties and the machinability and other 
secondary characteristics as well. Alloys also increase the resistance 
of steel to tempering, so that it has been necessary to consider the 
tempering behavior in order to provide a formula for evaluating the 
actual properties as well as the relative quality of different alloy steels. 

l.S. Important Factors in Hardening 

Early workers established the basic character of steel and worked 
out the iron-carbon equilibrium diagram. Equilibrium conditions as 
shown by this diagram are of the greatest practical interest in heating 
for hardening. Except in special cases, it is the aim of the heat treater 
to produce homogeneous austenite on heating, as the success of hardening 
depends primarily on the solution of carbon in the austenite and on its 
uniform distribution by diffusion. 

The reactions involved in hardening are controlled primarily by 
factors shown schematically in Fig. 1.1. The cooling rate, chemical 
composition, and other variables determine the temperature and the 
rate of austenite transformation, the resulting degree of hardening — in 
other words, the amount of martensite .formed — and the ability to 
develop strength and toughness; and for an understanding of these 
variables an understanding of the mechanism of austenite transforma- 
tion is important. Although recent emphasis on hardenability has 
tended to emphasize only the distinction between martensitic and non- 
martensitic structures in hardened steel, the formation and character 
of the non-martensitic constituents are of great practical significance. 
In the final heat treatment it may be desirable to produce 100 per cent 
martensite during quenching in order to develop the most favorable 
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combination of mechanical properties, but this objective is not attained 
in a large number of cases. The resulting non-martensitic constituents 
may be harmful, and it may be necessary to anticipate and control their 
formation. Knowledge of the transformation of austenite at elevated 
temperatures has been greatly advanced by the isothermal techniques of 
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Fig. 1.1. Schematic representation of factors to be considered in the heat treat- 
ment of carbon and low-alloy steels. 
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Davenport and Bain and by the study of martensite formation by 
Greninger and Troiano. Although efforts to integrate isothermal trans- 
formation into terms of continuous cooling have had little quantitative 
success, the qualitative imderstanding is of considerable practical as 
well as theoretical value. 

1.6. Hardenability and Cooling Rates 

Evaluation of hardening capacity in quenching requires the quanti- 
tative interpretation of cooling rate.* This unwieldy problem has been 
* Hardening capacity, as discussed in this section, refers to the amount of martensite 
formed rather than to the numerical value of the hardness that is attained. 



HARDEN ABILITY PATTERN 


11 


simplified by the assumption that a grain of steel transforms in a certain 
manner when cooled at a certain rate regardless of whether it is at the 
surface or center of a large or small piece of steel or regardless of whether 
the steel is cooled in air, oil, or water. With this assumption it is 
possible to use a simple criterion of cooling rate, such as the rate at any 
convenient temperature or the time to cool to halfway between the 
initial and final temperature. Quenching rates have been measured 
by French and others and have been used to establish their relation to 
the size and shape of the quenched article. Russell, and Grossmann, 
Asimow, and Urban have also developed parameters for severity of the 
quench based on the theory that the rate of heat abstraction depends 
on the temperature difference between surface and interior. The theory 
is useful as it permits the conception of a standard or ideal quench to 
which any other severity of quench can be related. 

Grossmann, Asimow, and Urban added to this conception a standard 
or ‘^criticar* degree of hardening of the steel in order to evaluate the 
relative behavior of steels under different cooling conditions and of 
steels of different compositions. This conception of an ideal critical 
diameter gave a standard condition by which steels could be compared 
and their susceptibility to hardening (hardenability) expressed by a 
standard term having a fixed significance. Grossmann also compared 
steels of different composition and found that hardenability could be 
calculated by multiplying together factors for grain size, carbon con- 
tent, and alloy composition. This made it possible to predict at least 
approximately the hardenability of a steel from its chemical composition. 
Other dependent relations have since been established so that it is 
possible to calculate the percentage of martensite and the hardness of 
quenched steel. 

L7. Interpretation of Hardenability and the Importance of Tempering 

For optimum mechanical properties it is necessary that a steel be 
deep hardening; i.e., that it can be quenched to a wholly martensitic 
structural condition throughout before tempering. The required hard- 
enability has been evaluated in terms of the amount of martensite in 
the steel, or by the hardness gradients across the diameter. Shallow- 
hardening steels are desirable in certain cases, however, in order to 
utilize the resulting compressive surface stress that tends to neutralize 
the applied service stress. 

Practical utilization of the relations between cooling rate, mass effect, 
and hardenability requires a testing procedure that is reproducible from 
day to day and by different workers. Several standardized harden- 
ability-test methods have been developed of which the most versatile 



12 


HARDENABILITY AND STEEL SELECTION 


and generally accepted is the Jominy test devised by Jominy and 
Boegehold. The test consists of water quenching the end of a 1-in. 
diameter specimen under controlled conditions and measuring hardness 
at various distances from the water-quenched end so that the hardness 
is determined for a wide range of definite cooling rates. The cooling 
rate and corresponding ideal critical diameter have been established so 
that by means of the Jominy test it is possible to study and control 
hardenability readily. Methods have been developed by Field and by 
Crafts and Lament for calculating the Jominy hardness from chemical 
analysis. Because the Jominy test is cheap and accurate it has been 
responsible for many advances toward understanding and controlling 
hardenability. The test has been used as a basis for specifying harden- 
ability, and hardenability bands for common alloy steels have been 
developed for specification purposes. 

The last operation in heat treatment is the tempering of hardened 
steel in order to develop the potential quality that was introduced by 
the quench and to relieve brittleness which is inherent in freshly formed 
martensite. The mechanism of tempering is complex and not too well 
understood, but convenient formulas for calculating tempered hardness 
have been developed by Wellauer and by Crafts and Lament. These 
methods together with the tempering-time coefficient determined by 
Hollomon and Jaffe make it possible to predict the approximate hardness 
of quenched and tempered steel. 

1.8. Relation of Hardenability to Engineering Properties 

Methods for estimation of the strength-dependent quality properties 
such as fatigue strength, yield strength, ductility, and toughness have 
been worked out and have been correlated with structure. Janitzky 
found that hardened and tempered alloy steels of different types have 
similar properties when they are fully hardened and tempered to the 
same hardness. The effect of incomplete hardening in the quench has 
been estimated roughly for yield strength and ductility and an evalua- 
tion of the effect #n impact strength has been determined by Crafts and 
Lamont. It is, therefore, possible to calculate not only hardness and 
tensile strength but also the other properties that are important in 
controlling the suitability of steel for successful service. Although the 
calculations are simple and their sequence is obvious some confusion 
arises from the number of methods by which the same end point may be 
reached. Since the calculations are based on similar simplifying assump- 
tions and statistical behavior there is little real difference between the 
different methods. Selection of an alternative method is usually 
dependent on its adaptability to the specific problem. 
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The relations just outlined may be applied to the selection and heat 
treatment of a steel to a certain hardness by way of a controlled propor- 
tion of martensite in the quenched condition. The degree of hardening 
in quenching and the final tempered hardness determine the primary 
qualities that are necessary to make a steel serviceable, so that any 
composition that will harden adequately in quenching and retain 
enough hardness after tempering could be chosen for a specific applica- 
tion. In practice, however, the problems and costs of processing and 
heat treating restrict the selection. These processing factors are much 
more difficult to evaluate and only some of the outstanding character- 
istics are described in this book. 

1.9. Summary 

The major recent developments in the art of heat treating steel are 
summarized in this chapter and are coordinated in the following chapters 
so that the information now available may be utilized more readily. 
Much has been omitted, much is over-simplified, but the evaluation of 
hardenability in recent years is sufficiently accurate to be a great for- 
ward step in the heat treatment and economical use of alloy steel. The 
gamut of calculable factors is now sufficiently complete to have practical 
value and provides a standard basis for comparison by which it is possible 
to improve the selection of steel and control its heat treatment. It is 
hoped that this discussion of methods for calculating the response to 
heat treatment will facilitate the rational and economical application 
of alloy steel. 



CHAPTER 2 


HEATING FOR 
HARDENING 


The first stage in 

hardening a steel consists of heating it to the proper temperature and 
then holding at this temperature until the desired structural changes 
have taken place. This is a concise statement of an operation that may 
be comparatively simple and performed by a blacksmith with a small 
forge fire, or it may be very complicated, involving the use of auto- 
matically regulated fuel or electric furnaces containing controlled gaseous 
atmospheres, or baths of special molten salts, together with accurate 
pyrometers to measure the temperatures; and considerable knowledge 
of metallurgy may be necessary to carry it on successfully. 

To produce a satisfactory chisel the blacksmith takes a short section 
of a hexagonal or octagonal bar of 0.6 per cent carbon steel, puts it in 
his fire, packs charcoal around it, and heats it until the end becomes 
cherry red. He maintains this condition for a few minutes and then 
quenches the point in water. This is followed immediately by tem- 
pering in which the smith allows the heat from the shank to flow into 
the point; when this is the correct shade of blue he quenches the whole 
tool in water. 

At the other extreme a complicated, expensive, and carefully machined 
gear or shaft will be heated in a hydrocarbon atmosphere adjusted so 
that it is neither decarburizing nor carburizing, to a temperature that 
is just high enough to form a homogeneous austenite but not so high 
that excessive grain growth will take place. In such a carefully con- 
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trolled operation it is necessary to know the grain-growth tendency of 
the steel, what carbides are present and how rapidly they dissolve and 
diffuse at various high temperatures, and finally how complete the solu- 
tion of these carbides must be for the application involved. When the 
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Fig. 2.1. Portion of the iron/iron carbide equilibrium diagram. {Metals Hand- 
book,)^ 


steel is properly austenitized it is quenched, usually in a special oil, and 
then tempered carefully according to the procedure that will produce 
the desired properties for that particular steel. 

Whether the heating procedure is the one used by the blacksmith or 
the one specified by the metallurgist, or whether it is more precise than 
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the one or not so carefully controlled as the other depends upon the 
composition and the cost of the steel, on what sort of service the finished 
part must withstand, and above all on how much has been spent in 
fabricating it, i.e., on how much money would be lost if the heat treat- 
ment were improperly done. In general most carbon steels and prac- 
tically all low-alloy steels should be, and are, carefully heat treated, 
and the variables that should be controlled during the heating and the 
holding at the hardening temperature are the subject of this chapter. 

It was noted in the pre- 
vious chapter that when 
alpha iron is heated to a 
certain critical temperature 
it changes to gamma iron, 
and that carbon is soluble 
in the high-temperature 
gamma-iron lattice — form- 
ing austenite — but not in 
the low-temperature ferrite. 
This transformation is re- 
versed on cooling so that 
austenite changes to ferrite 
and carbide. Alpha iron 
(ferrite) dissolves less than 0.01 per cent carbon at room temp- 
erature, while gamma iron (austenite) may dissolve over 1 per 
cent at high temperatures. It is this difference in the solid solubility 
of carbon that makes hardening possible, for when austenite is trans- 
formed to ferrite on cooling, the carbon in the austenite solid solution 
becomes insoluble in the ferrite and is rejected as a carbide. Conse- 
quently, proper hardening technique requires that the steel is heated 
above the transformation temperature and held at this temperature 
sufficiently long to insure a homogeneous austenite. 
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2.1. Effect of Carbon on Hardening Temperature 

The temperature at which steel transforms from ferrite to austenite 
on heating is not the same for all steels but is influenced by carbon and 
by alloying elements as well as by the rate of heating and prior structure. 

Transformation from ferrite to austenite occurs at a single tempera- 
ture, IfiTO^^F. (910°C.) in pure iron, and the gamma allotropic form is 
maintained up to a temperature of 2550°F. (1400®C.). The addition of 
carbon causes the transformation to extend over a range of temperatures. 
Between the limits Ai and A 3 (Fig. 2.1) and with less than 0.8 per cent 
carbon — the hypoeutectoid steels — austenite and ferrite coexist; and 
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between the limits A i and A cm and with more than 0.8 per cent carbon — 
the hypereutectoid steels — austenite and carbide coexist. At the eutec- 
toid composition of 0.8 per cent carbon transformation occurs at a 
single temperature. Since incomplete absorption in austenite of excess 
(proeutectoid) ferrite or carbide reduces the capacity of the steel to 
harden, it is usually desirable to exceed the As or A cm temperature in 
heating for hardening. There are some exceptions to this rule, which 
are encountered principally in high-carbon steels. 

The usual hardening (and annealing and normalizing) temperatures 
for carbon steels are shown in Fig. 2.2. 



Alloying element, percent-^ Alloy inqj element, per cent-?' 


Fio. 2.3. Principal types of iron-alloy equilibrium diagrams. (Bair?,*® after 
Wever.) 


2.2. Effect of Alloying Elements on Hardening Temperature 

Alloying elements affect the transformation of iron and iron-carbon 
alloys primarily by raising or lowering the critical-temperature range. 
In general, the action of these elements on the transformation char- 
acteristics of iron can be illustrated by two typical diagrams as shown 
in Fig. 2.3. 

Manganese and nickel widen the temperature range for stable 
austenite chiefly by depressing the temperature at which austemte 
transforms to ferrite and carbide, and their effect is illustrated by the 
diagram on the left. The tendency of silicon, chromium, tungsten, 
molybdenum, vanadium, and aluminum is represented by the diagram 
on the right; it k to restrict the temperature and composition range for 
stable austenite so that the austenite field is completely enclosed to 
form the so-called “gamma loop.” Chromium is somewhat of a special 
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case. In alloys containing no carbon, chromium up to about 7 or 8 
per cent lowers the transformation temperature slightly, while larger 
amounts raise the temperature and a loop is formed. In low-carbon 
iron alloys the limit of the austenite field — the right limit of the loop — 
is reached at about 2 per cent silicon, 12 per cent chromium, 3 per cent 

1300 

1200 

0 

2^1 100 
ts 

1 1000 
c 
1 . 

Q> 

E 900 

800 
*u 

;3 ■'00 

600 

500 

0.80 

0.10 
® 0.60 
fc 0.50 

0.40 

1 0.30 

e 0.20 
o 

0.10 
0 

0 2 4 6 8 10 12 14 16 18 

Alloying element, per cent 

Fio. 2.4. Effect of alloying elements on eutectoid composition and temperature. 
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molybdenum, 6 per cent tungsten, 1 per cent vanadium, or 1 per cent 
aluminum. 

Alloying elements influence the transformation characteristics of 
iron-carbon alloys in much the same manner as they affect the trans- 
formation of iron. They change the eutectoid composition (point Sj 
Fig. 2.1) of iron-carbon alloys as well as the eutectoid temperature by 
the amounts shown in Fig. 2.4. Thus, the solubility of carbon is lower 
in the austenite of moderately high alloy steels than in plain iron-carbon 
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alloys. Furthermore, in high-alloy low- and medium-carbon steels, 
such as 12 to 15 per cent chromium stainless steel, the austenite field is 
limited by ferrite, and relatively high heating temperatures are necessary 
to convert all of the ferrite to austenite. 

There seems to have been no systematic study of the effects produced 
by adding two or more alloying elements to carbon steels. However, 


Table 2.1. Normalizing and Austenitizing Temperatures* for Common Carbon 
and Low-Alloy Steels f 


Specified carbon 

Normalizing temfjerature 

Austenitizing temperature 

percentage t 

°F. 

°C. j 

°F. 

°C. 

Steel series 1000, 1300, 3100, 3200, 4000, 4100, 4300, 4600, 5000, 5100, 

8600, 8700, 9400, 9700, 9800, 9900 

Up to 0.25 * 

1700 

925 

1700 

925 

0.26 to 0.36 

1650 

900 

1600 

870 

0,37 and over 

1 

1600 

870 

1550 

845 

Steel series 2300, 2.500, 3300, 4800, and 9200 



Up to 0.25 

1700 

925 

1550 

845 

0.26 to 0.36 

1650 

900 

1500 

815 

0.37 and over 

1600 

870 

1475 

800 

0.50 and over (9200) 

1650 

900 

1600 

870 


*A variation of =*= 10°F. from the temperatures given is permissible. 

t Society of Automotive Engineers.^^ 

i Detailed compositions of the SAE constructional alloy steels are given in 
Appendix III. 

their effects on transhjrmation temperatures seem to be largely additive 
in character. Because of the absence of information on the complex 
alloys of iron it is usually desirable to determine the transformation 
characteristics of each type of steel that is to be heat treated if such 
information is not already available. Although a knowledge of the 
lower critical temperature (line PSK, Fig. 2.1) is important for some 
purposes, it is essential that the upper critical temperature (line GOS 
and in some cases line SE, Fig. 2.1) is exceeded for effective hardening 
(see Fig. 2.2). The transformation characteristics of many of the 
common heat-treating grades of steels have been determined, and heating 
temperatures recommended by The Society of Automotive Engineers^^* 

•Superior numbers refer to the Bibliography at the end of the book. 
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are shown in Table 2.1. Steels of the SAE 6100 series, which contain 
vanadium, are normalized and austenitized at temperatures about 
50®F. (30®C.) higher than those shown in Table 2.1, owing to the 
diflBculty of dissolving the carbides that may be present in these 
materials. 


2.3. Effect of Rate of Heating on Formation of Austenite 

Heating for hardening is carried on in furnaces that are heated by 
electricity, gas, or oil, in which heating is accomplished chiefly by radia- 
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Fig. 2.5. Time-temperature isothermal diagram for austenitizing an eutectoid 
steel. Initial structure, normalized fine pearlite. (Roberts and Mehl.y^^ 


tion; in salt baths or lead pots, in which heating is by conduction; and 
in high-frequency induction coils, where heating is by induction. The 
rates of heating are quite different, those of the electric and gas furnaces 
being generally lower than the heating rate of the salt bath or high- 
frequency induction furnace. Extremely fast rates of heating may be 
obtained by the last-mentioned method, although, except for light sec- 
tions, the method is generally limited to surface heating in applications 
requiring a hard surface and a soft core. The oxyacetylene flame is 
also used for similar purposes. 

Absorption of ferrite or carbide in austenite is a reaction that requires 
a significant time and that proceeds faster as the temperature is raised. 
Some idea of the time-temperature relation is given in Fig. 2.5. 

The effect of insufficient time for solution of carbides on the harden- 
ability of 1 per cent carbon, 1.5 per cent chromium steel (SAE 62100) is 
shown by Fig. 2.6. It will be noted that the maximum hardness, as 
well as the depth of hardening, increases with time at temperature and 



HEATING FOR HARDENING 


21 


that the effect is more evident with a relatively coarse initial structure 
(in this case, spheroidized). The rate of solution of carbides was found 
by Roberts and MehP'® to be proportional to the carbide-ferrite inter- 
facial area. Thus, fine carbides dissolve more rapidly than coarse 
carbides at the hardening temperature, and those of lamellar shape are 
more readily soluble than the spheroidal type. It is sometimes advan- 
tageous to avoid complete solution of carbides in high-carbon steels by 
not heating over the limit of carbide solubility in order to preserve fine 



Distance from quenched end, in. 


Fig. 2.6. Effect on Jominy hardenability of insufficient time to permit full 
carbide solubility in austenite. (Rowlandy Welchnevy and Marshall.y^^ 

grain size and freedom from residual austenite, which may remain 
untransformed to martensite on quenching. The presence of strong 
carbide-forming elements such as chromium, vanadium, and titanium 
makes the use of this practice recommendable in some cases. 

2.4. Austenitization of Hypoeutectoid and Hypereutectoid Steels 

In low- and medium-carbon (hypoeutectoid) steels, carbides are dis- 
solved first to form the initial austenite pools, and ferrite is absorbed last. 
This tendency may persist to fairly high temperatures in “abnormal” 
steels in which ferrite may not be absorbed completely. The required 
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diffusion of carbon and alloying elements is affected by the initial con- 
dition as indicated by the results of hardenability tests shown in Fig. 2.7. 
On account of the different structural conditions in which steel may be 
received it is sometimes desirable to give the steel a preliminary treat- 
ment prior to hardening in order to promote rapid diffusion. In the 





Fio. 2.7. Influence of initial structure and time at 1550°F. (845®C.) on Joiiiiny 
hardenability characteristics of SAE 4340. (//./?.= hot rolled, iST =» normalized, 
annealed, jS=»8pheroidized, Q— quenched.) (WelchneTf Rowland^ and Ubben.Y^ 


study and control of hardenability, it is the customary practice to give 
heat-treating steels a preliminary normalizing at a temperature at least 
as high as, or preferably some 50®F. (30°C.) higher than, is used in 
heating for hardening. 

After complete solution of the ferrite or the carbides is attained, there 
must still be time allowed for further diffusion to produce a homogeneous 
austenite. An extreme case of non-uniformity may be seen in the 
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pseudomorphs of pearlite in induction-hardened steel.'*® The old rule 
of heating the steel in the furnace for one hour per inch of thickness does 
not mean a great deal because ordinarily only the time above the 
critical temperature is significant, but it is usually representative of a 
conservative practice. Similarly, the practice of heating to 75 or 100°F. 
(40 to 60°C.) above the critical range is desirable provided there is no 
danger of grain coarsening. The classic procedure for determining 
suitable quenching temperatures for constructional steels as well as 
for tool steels was to quench specimens from graduated temperatures, 
break them, and select the quenching temperature producing the finest 
grain size as the best for that particular steel. Quenching temperatures 
might also be determined by hardenability tests. 

2.5. Effect of Heating Rate on Warping and Cracking 

In addition to having an effect on transformation temperature the rate 
of heating is also important in determining the condition of the steel after 
hardening has been completed. If heating rates are so great that the 
steel is not heated uniformly, either as a result of the heating operation 
or as a result of improper location within a furnace, warping or cracking 
may occur. Generally, warping that takes place during heating is 
retained after the quenching and tempering operations, and it is probable 
that in many instances warpage considered to be due to quenching 
actually occurred during heating. Warping is usually caused by 
impinging flames or by placing articles on hot furnace bottoms, so that 
rapid heating takes place in one spot. Conditions that produce warping 
may also produce cracking in pieces that have been previously hardened. 
Practical experience has indicated that high-alloy steels and heavy 
sections such as die blocks should be heated uniformly at very slow 
rates if cracking is to be avoided in the subsequent quenching. In such 
cases it is often desirable to put the material in a cold furnace and raise 
the temperature slowly to the quenching temperature. In cases of 
light and medium sections of such material as tool steels and die steels, 
it is helpful to preheat to an intermediate temperature before transferring 
to a furnace at the austenitizing temperature. 

2.6. Determination of Austenitic Grain Size 

The austenitic grain size has a marked effect on the behavior in hard- 
ening and on the final properties of the steel. Grain size may be 
measured in several ways; it is usually determined by microscopic 
examination and expressed as the A.S.T.M. grain number.® A No. 1 
grain size represents one grain per square inch at a magnification of 100 
diameters. No. 2 two grains. No. 3 four grains, No. 4 eight grains. No. 5 
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sixteen grains, and so on to No. 8, 128 grains per sq. in. Typical 
examples of steels with grain sizes 2, 5, and 8, respectively, are shown in 
Fig. 2.8. The dividing line between coarse- and fine-grained steel is 
usually taken as A.S.T.M. No. 5. 



Fig. 2.8. Typical structure of slowly cooled carbon steel having (A) grain size 2; 
(B) grain size 5; and (C) grain size 8. Etched; 100 X. 


The fracture of a hardened specimen has also long been used for 
determining grain size which is then evaluated by comparison with a 
graduated series of standard fractures. Another method (McQuaid-Ehn 
test®) is to outline the grain boundaries, as shown in Fig. 2.9, by car- 
burizing for 8 hr. at 1700°F. (925®C.) or by decarburizing in a furnace or 
salt bath.^®® The McQuaid-Ehn test has been used principally on car- 
burizing steels where it has the advantage that it closely approximates 
the actual carburizing cycle, and it also reveals characteristics of 
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specific interest for carburizing such as the type of case and tendency 
toward abnormality. For medium-carbon steels that are not to be 
carburized, the McQuaid-Ehn test has the disadvantage that it must 
be carried out at a higher temperature and for a longer time than the 



Fig. 2.9. Austenitic grain size determined by: carburizing (top); Vilella’s mar- 
tensite reagent (center); and gradient quenching (bottom). lOOX. (Forgeng.) 

actual hardening treatment in order to produce a visible carbide network. 
Recent practice, therefore, has favored microscopic examination after a 
typical hardehing treatment. The microscopic examination is difficult 
if the specimen is wholly martensitic, although Vilella^^® has developed 
a special etching reagent for the purpose, as shown in Fig. 2.9. Vilella’s 
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reagent is made up of 95 cu. cm. ethyl alcohol, 1 gram of picric acid, and 
5 cu. cm. of concentrated hydrochloric acid. It is much easier to secure 
satisfactory results with this reagent if there is some ferrite or pearlite 
at the martensitic grain boundaries, and slower cooling, interrupted 
quenching, or gradient quenching (Jominy test) is usually employed. 
Grain size determined in this manner on martensitic or ferritic structures 
is designated as “actuaP’ grain size to differentiate it from the grain 
size revealed by less direct methods. 

2.7. The Importance of Grain Size 

As steel is heated through the critical range it is recrystallized with 
the formation of fine grains. These grains tend to grow as the tempera- 



Fig. 2.10. Schematic representation of the effect of temperature and grain-refin- 
ing elements on grain size. 

ture is raised, but the growth is more or less abrupt at a characteristic 
temperature — with the formation of first some coarse and some fine 
grains and finally all coarse grains, as indicated by Fig. 2.10. Pro- 
longed heating also tends to increase the grain size. 

Each steel has a characteristic coarsening-temperature range and if 
that temperatue is below the maximum commonly used for hardening, 
say 1700®F. (925°C.), the steel is classed as coarse grained. If the steel 
is treated with effective amounts of aluminum, zirconium, titanium, or 
vanadium, it does not coarsen at the usual hp^rdening temperatures and 
is classed as fine grained. 

Coarse-grained steels (grain No. 1-5) have some advantages in easier 
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machining, higher creep strength at elevated temperatures, greater 
hardenability, and possibly less notch sensitivity in fatigue, but they 
have lower notched-bar impact strength and the impact resistance falls 
off rapidly at subnormal temperatures. Their principal application is 
in unhardened sections such as crankshafts, heavy forgings, and free- 
machining steel. Fine-grained steels (grain No. 5-8 plus) have much 
better toughness, and virtually all heat-treating alloy steels used in 
machine construction are treated during melting so that they wiU be 
fine grained. Steels that develop a mixture of coarse and fine grains 
tend to give erratic properties, warp in heat treatment, and are usually 
not used. 

The grain-coarsening temperature of fine-grained steels varies some- 
what but can be expected to be in the neighborhood of 1800°F. (980®C.) 
for aluminum-treated steel, ITOO'^F. (925°C.) for zirconium-treated, 
1800®F. (980°C.) for titanium-treated, and 1750°F. (955°C.) for vana- 
dium-treated steel. These temperatures may, however, vary widely 
with the composition and prior treatment. The coarsening temperature 
of high-carbon steels tends to be relatively low but grain growth may be 
restrained by undissolved carbides.^^^ Vanadium is particularly effec- 
tive for this purpose in both carbon and low-alloy steels. High man- 
ganese (up to about 2.0 per cent) tends to lower the grain-coarsening 
temperature, while high silicon (up to about 1 .0 per cent) intensifies the 
effect of the grain-refining agents. Generally, higher coarsening tem- 
peratures are desirable in order to permit retention of a fine grain size 
with normal hardening procedures, but coarse grain size is sometimes 
desired in order to develop structures favorable for easy machinability. 
Vanadium steels are frequently processed by heating to a moderately 
high temperature, say 1750°F. (955°C.), to develop coarse grains for 
machinability; they are then hardened at a lower temperature with the 
formation of a desirable fine grain size in the finished product. Under 
some conditions, zirconium-treated steels could be similarly treated, 
but steels treated with aluminum and titanium tend to coarsen at higher 
temperatures so that such a double treatment is not convenient or 
economic. The short time used in induction heating involves very high 
maximum temperatures and no commercially available grain-refining 
treatment is capable of retarding grain growth at those temperatures. 

2.8. The Importance of Furnace Atmosphere 

During heating for hardening, the steel is generally surrounded by an 
atmosphere that contains appreciable quantities of oxygen, carbon 
monoxide, carbon dioxide, water vapor, and occasionally other reactive 
gases, which, unless precautions are taken, may react with the metal 
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and cause oxidation, decarburization, carburization, or roughening of 
the surface. As these reactions influence the final appearance and 
hardness of the finished product, it is customary to protect the surface 
of the metal or to control the atmosphere so that these reactions will 
not occur. , In some cases, such as tempering at low temperatures and 
very rapid heating by electric induction or direct resistance, heating 
may be carried out in a normal atmosphere without excessive oxidation 
or decarburization. 

Undetected decarburization caused by heat treatment in an oxidizing 
atmosphere has in the past been responsible for many failures of steel 
parts. This is due primarily to the fact that usually the decarburized 
surface layer has properties that are inferior to the properties of the 
remainder of the section. Many examples of this could be cited, but 
one will suffice. Boegehold^®* found that an automobile spring treated 
to about 450 Brinell hardness to withstand a maximum torsional stress 
of 115,000 lb. per sq. in. had a torsional strength at the decarburized 
surface of only 30,000 lb. per sq. in. In service, cracks formed at the 
surface and were propagated through the sound core causing premature 
failure. Either machining or grinding after heat treatment, or the use 
of a protective atmosphere is necessary to prevent such failure. 

If the condition of the atmosphere is such that decarburization has 
taken place, as in air or uncontrolled combustion gases, and it is desired 
to remove the decarburized surface, the usual machining aDowances, 
according to Johnson,®® are as follows: 

Diameter of Section Machining Allowance 

1 in. and under A in. 

1- in. to 2-in. diameter iV in. 

2- in. to 3-in. diameter \ in. 

3- in. to 4i-in. diameter J in. 

4§-in. to 6-in. diameter | in. 

Greater decarburization in the heavier sections results from the longer 
exposure at temperature. In making Jominy tests it is recommended^ 
that J in. be removed after normalizing and before hardening to insure 
against decarburization and low hardness readings. 

2.9* Salt Baths and Protective Coatings 

The use of molten salt baths for heating and heat-treating operations 
is one means of protecting the metal surface, since immersion in the 
molten salt eliminates the atmosphere. However, unless care is taken 
in the choice of salts, the surface of the metal may be damaged as salts 
may be oxidizing, reducing, or neutral. Neutral baths are generally 
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used but differ in composition according to the temperature ranges in 
which they are employed. Yot tempering and interrupted quenching 
in the temperature range of 300 to 1000°F. (150 to 540®C.) the salts are 
usually nitrates and nitrites of sodium and potassium. Care must be 
taken if the work has been previously treated in a cyanide bath as the 
cyanide may react rapidly or even explosively with the nitrate-nitrite 
bath components. Care must also be taken not to overheat the bath 
as the salt may attack the steel or the container. In the temperature 
range of 1150 to 1650°F. (620 to 900°C.), used for normalizing, harden- 
ing, annealing, and tempering, neutral salts are composed of chlorides 
or carbonates of potassium, sodium, calcium, and barium. As car- 
bonates tend to decarburize steel, the preferred compositions are mix- 
tures of potassium and sodium chloride. Sodium cyanide is sometimes 
added to the chloride-carbonate bath to minimize decarburization. 
While the chloride baths are neutral, they may with use become decar- 
burizing, and a rectifier, usually a compound containing boron such as 
borax glass and boric acid, is used to restore the bath to the neutral 
condition. In the temperature range of 1750 to 2350°F. (955 to 
1290°C.), used in the hardening of high-speed steel and the heat treating 
of stainless steel, the salt composition may be one of three general types: 
(1) boric acid and borax, (2) calcium, barium, strontium, or other 
silicates, or (3) calcium, barium, or sodium fluoride and barium chloride. 
The borax type tends to dissolve iron, while the glasslike silicates are 
sometimes difficult to remove from the surface after quenching. 

Protective coatings such as borax, lithium compounds, metal paints, 
or electroplating may in special cases be applied to the surface for 
protection. 

2.10. Protective Atmospheres in Heat Treating 

Special atmospheres of inert gases such as purified argon and helium 
may be used in containers sealed against air infiltration. Ordinary 
tank nitrogen contains some oxygen, and tank hydrogen contains 
moisture and even when dried has a decarburizing tendency. A local 
protective atmosphere may be developed around the work by packing 
in cast-iron chips, spent carburizing compound, or charcoal. Except 
for salt baths, which are being used in many applications, the use of the 
methods described in the foregoing is usually limited to small volumes 
of work and to special cases. Although cracked ammonia gas is some- 
times used, the bulk of heat treatment in protective atmospheres is 
carried out in a mixture of gases resulting from the partial combustion 
of hydrocarbon gases such as coke oven, natural, propane, or butane gas. 
Mixtures containing approximately 93 per cent nitrogen and 7 per cent 
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500 


Tempcrafurc, 


600 


hydrogen are used effectively for bright-annealing and are virtually free 
from the explosion hazard. 

Because the partial combustion of the hydrocarbon gases results in 
the formation of water vapor in fairly large quantities, it is not practical 
to heat the metal directly in the gases at the time of combustion if 
reactions with the metal are to be avoided; the protective gases when 
combustion occurs must be in a self-contained unit provided with some 
means of eliminating the moisture. The heat source, if a gaseous fuel is 
used, must also be separated from the furnace atmosphere by some means 
such as a muffle. In electrically heated furnaces the heat source and 
protective atmosphere do not have to be separated. 

Of the constituents pres- 
gQQ ent in the gas after re- 

moval of moisture, carbon 
dioxide (CO 2 ) is oxidizing, 
while carbon monoxide 
(CO) and hydrogen (H 2 ) 
are reducing. When used 
as an atmosphere during 
the heating and cooling of 
steel, the individual gases 
may react readily with the 
iron and carbon in the steel, 
with iron oxide, and with 
each other, depending upon 
the temperature and com- 
position of the gas. As a 
result the gas may act to 
decarburize or oxidize the 
surface of the metal. 

To facilitate the selection 
of a gas composition and to 
aid in predicting how a gas of known composition will react at 
various temperatures, Austin and Day^* have presented data on equi- 
librium constants and have shown examples of their use. From these 
constants it is possible to construct diagrams of the type shown in 
Fig. 2.11. The reactions in the diagrams are expressed in terms of the 
ratio of CO to CO 2 (or H 2 to H 2 O) and indicate whether a gas of known 
composition will oxidize, carburize, or decarburize at various tem- 
peratures. 

Practically, it is difficult to produce an atmosphere exactly in equilib- 
rium with the steel. If there is some tendency toward oxidation, decar- 
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Fig. 2.11. Probable action of a furnace 
atmosphere on steel surface under specific con- 
ditions. (Austin and Day.y* 
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burization, or carburization, an increase in the rate of gas flow will tend 
to aggravate the tendency as equilibrium cannot be approached so 
closely as when the gas moves less rapidly and thus has a better oppor- 
tunity to come to equilibrium. Equilibrium also cannot be reached if 
temperature non-uniformity exists in the steel or in the furnace, or if 
the furnace temperature fluctuates. Careful control of gas composition 
and temperature is essential to the successful use of protective gas 
atmospheres. The efficiency of a controlled atmosphere may be deter- 
mined by a method suggested by Koebel,“ in which the weight change 
of a standard sample is observed. 

2.11. Summary 

Heating of steel for hardening should, ideally, be carried out at such 
a temperature and for such a time that (1) ferrite and caibide are 
absorbed completely in the austenite and (2) the carbon and alloying 
elements may diffuse to give a uniform austenite. Critical tempera- 
tures may be estimated or determined, but effective heat treatment 
requires austenitization at 50 to 150°F. (30 to 85°C.) above the critical 
temperature depending on the composition of the steel, its prior condi- 
tion, and time at temperature. This temperature should also be con- 
sistent with the grain-size characteristics of the steel and the grain size 
desired in the product. In high-carbon steels an incomplete solution 
of carbides may be desirable to restrain grain growth and to minimize 
the retention of austenite, but in low-carbon steels an incomplete solu- 
tion of ferrite gives poor hardenability and a tendency toward brittleness 
and cracking. 

The conditions of heating have a major influence on the success of 
heat treatment. Avoidance of warping and cracking is favored by 
slow heating, and rapid heating is largely restricted to small parts, simple 
shapes, or to the heat treatment of the surface skin. Rapid heating 
also requires greater care in the selection of steel and control of the 
structure prior to heating in order to avoid erratic hardening and 
cracking. The condition of the surface is extremely important with 
respect to the cost of finishing and to the fatigue life, and most careful 
precautions are essential to successful service of any heat-treated steel 
article. 



CHAPTER 3 


THE TRANSFORMATION 
OF AUSTENITE 


It cannot be emphasized 

too strongly or too often that many of the most important properties 
of steel — for example, strength and hardness, such quality factors as 
ductility and toughness, and such an economically important property 
as machinability — are dependent on microstructure — on the composi- 
tion and distribution of carbide particles in a matrix consisting largely 
of unalloyed or alloyed ferrite — and that the nature of this microstruc- 
ture depends primarily on how the austenite is transformed during 
cooling. This is a principle of prime importance to everyone who uses 
steel in the design and building of structures and machines, and the 
engineering profession is fortunate that by various thermal treatments 
a wide variety of microstructures can be secured, accompanied by 
engineering properties that are subject to more or less definite metal- 
lurgical control. 

The use of the modifying ‘^more or less^’ to detract from the force of 
the statement ^^definite metallurgical contror^ is justified because there 
are a few inherent characteristics in the heat treatment of steel about 
which the metallurgist can do little but accept them with the best grace 
possible. It is the object of this and the chapters that follow to describe 
the methods by which the structure of steel can be regulated, and to 
emphasize which of the many variables entering into the process can 
be controlled readily and economicaUy, and which can be controlled 
with difficulty or not at all. 
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Of the many factors that affect the final structure of carbon and alloy 
steels, clearly the most important are those entering into the trans- 
formation of austenite; these are, therefore, discussed in detail. 

3.1. Studying the Transformation of Austenite by Continuous-Cooling 
Methods 

For many years, the transformation of austenite has been studied 
by subjecting steels of different composition to cooling at various rates 



Fig. 3.1. Relation between time and temperature of transformation of 0.80 per 
cent carbon steel. (Bain.)*^ 

and observing the effect of the cooling rate on the microstructure, the 
hardness, and the location of the transformation temperatures (ArO 
where gamma iron changes to alpha iron upon slow cooling. As is well 
known, this An temperature is normally in the vicinity of 1325°F. 
(720®C.), slightly below the Ai equilibrium temperature, which is at 
1333°F. (723°C.) as indicated by Fig. 2.1 (p. 15).* 

*The A I equilibrium temperature, usually designated Aei, is a hypothetical tem- 
perature found by extrapolating to zero rate the actual transformations determined 
during slow heating and cooling. The actual transformation temperature observed 
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The effect of increasing the cooling rate on the structure and trans- 
formation temperatures of a high-carbon steel as determined by Bain^^ is 
shown in Fig. 3.1. Increasing the cooling rate causes the pearlite to 
be finer, it increases the hardness, and it lowers the temperature (line 



Fig. 3.2. Effect of cooling velocity and alloying elements on the location of the 
lower transformation point (4ri) in cooling. {Sauveur.y^^ 

GF in Fig. 3.1) where the austenite begins to transform. This lowered 
transformation is known as Ar' to distinguish it from the Ari transfor- 
mation, which occurs at a relatively constant temperature. 

When the cooling rate is increased still more, a speed is reached where 
the Ar' transformation is suppressed almost entirely and a new trans- 

during slow heating is ordinarily designated Ac\ (see Fig. 2.2), and the corresponding 
transformation found during slow cooling is known as .4ri. With very slow heating 
or cooling rates, Act and Ari (also Act and Art) range from 3 to 10®F. above and 
below the Aei (Aez) temperature, respectively. 
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formation appears at a much lower temperature. The speed of cooling 
necessary to suppress the upper Ar' temperature also suppresses the 
formation of pearlite and is known as the critical cooling rate (Fig. 3.1). 
When this rate is exceeded, the austenite transforms to martensite. 
The lower transformation point, where martensite is formed, is usually 
called Ar'\ 

Most of the alloying elements, when added to carbon steel, have an 
effect analogous to that of increasing the cooling rate; for example, if a 
cooling rate of 350°F. (200°(1) per second results in a structure of fine 
pearlite in a plain carbon steel, the same cooling rate will result in a 
structure of martensite in a steel containing considerable chromium and 
manganese. The effect of increasing the cooling rate and of adding 
alloying elements is shown schematically in Fig. 3.2. As indicated by 
this illustration, it is possible to have cooling rates (or a combination of 
a certain cooling rate and alloying elements) that will result in a struc- 
ture containing both jx^arlite and martensite (shown by the hatched 
area in Fig. 3.2); and it is also possible to have certain combinations of 
high cooling rates and alloying elements — or enough alloying elements 
so that cooling rate is not important — so that the Ar" transformation 
occurs below room temperature, with the result that the structure con- 
tains varying amounts (up to 100 per cent) of austenite. 

3.2. Studying the Transformation of Austenite by Isothermal Methods 

Studying the transformation of austenite by continuous cooling at 
various rates has the disadvantage that it is difficult to determine the 
nature of the resulting structures and ahnost impossible to discover the 
mechanism l)y which these structural constituents are formed. One of 
the outstanding advances in metallurgy during the last twenty years 
has been the perfection by Davenport and Bain^° of the isothermal- 
transformation technique: Instead of cooling continuously, samples 
are rapidly quenched in a salt bath maintained at a certain temperature ; 
they are then held at that temperature for graduated time intervals 
before quenching in water. In this way the structure is formed at one 
temperature so that the time required to initiate and complete the 
transformation can be determined for comparison with that for other 
temperatures or with other steels. The procedure followed in this 
method is shown schematically in Fig. 3.3. 

In studying isothermal transformation it is customary to examine 
enough specimens to establish the beginning and ending of visible 
transformation as well as to determine the progress of transformation 
at each of several temperature levels. Once the time intervals for the 
various stages of transformations are obtained, they may be used to 
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plot the complete diagram. The procedure is illustrated in Fig. 3.4. 
Several hundred very small specimens were used for the complete 
diagram. Of these, 29 were quenched in a salt bath maintained at 
700°F. (375°C.) in which they were held for intervals varying from about 
2 sec. to about 2000 sec.; after that, they were quenched in iced brine 
and examined to determine the amount of transformed constituents in 
the structure. The results are plotted in the upper part of Fig. 3.4, 



0 Time at temperature level JJ for transformation 


Fig. 3.3. Heat-treating cycles employed in studies of isothermal transformation. 
(Davenport.)*^ 


and the points for the beginning of visible transformation, for 50 per 
cent transformation, and for the apparent end of the reaction are inserted 
in a plot of reaction temperature versus time on a logarithmic scale. 
Similar data were obtained for other temperature levels. The complete 
diagram, shown in the lower section of Fig. 3.4, is commonly known as 
a time-temperature-transformation (T-T-T) diagram, and the lines in 
such a diagram are frequently spoken of as S-curves. 

A typical T-T-T diagram for a commonly used low-alloy steel (SAE 
4140) is reproduced in Fig. 3.5. It will be noted that for this steel, 
when transformed between 1300 and 500°F. (705 and 260®C.), an 
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appreciable amount of time is required for initiation and completion of 
transformation to produce ferrite and pearlite or bainite. Below 500°F., 
martensite forms®^ instantaneously and continuously as the temperature 
is lowered, until the transformation is completed.* These characteristic 



Fig. 3.4. Method of constructing a T-T-T diagram, and complete diagram for a 
medium-carbon nickel steel. (Atlas.y^^ 

differences in the time required for austenite transformation at different 
temperature levels determine the microstructure and the degree of 
hardening produced during continuous cooling. 

The salient features of the T-T-T diagram for carbon and many low- 
alloy steels (Figs. 3.3 and 3.4) are the “nose,'' where the transformation 
of austenite is the most rapid— and which generally occurs in the tem- 
perature range 900 to llOO^F. (480 to 595®C.) — and the bay or “chin" 
*The martensite beginning (Ms) line is not shown on Fig. 3.5. See Figs. 3.4 and 
3.14 for approximate location of this transformation. 
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below the nose, where the reaction rate usually slows down. At and 
above the nose, pearlite (plus excess ferrite or carbide, depending on 
the carbon content) is the reaction product; below the nose, and above 
the temperature where martensite begins to form (the temperature), 
the reaction product is bainite. 



Fig. 3.5. T-T-T diagram of SAK 4140 steel austenitized at 1550''F. (845°C.), 
indicating time for beginning of transformation (left-hand lines) and for complete 
transformation (right-hand lines). Phases: A = austenite; F= ferrite; C= carbide. 
{Atlaa.y^ 

3.3. Pearlite Formed by Isothermal Transformation 

In the range of temperatures from the lower critical temperature 
{An) down to about 1000°F. (540°C.), pearlite is formed with the 
carbide and ferrite in the form of thin plates or lamellae. The distance 
between the plates decreases as the transformation temperature is 
decreased, as indicated in Figs. 3.6 and 3.7. In this temperature range 
the rejection of excess (proeutectoid) ferrite in low-carbon steel or 
proeutectoid carbide in high-carbon steel will precede the formation of 
pearlite. 

Pearlite can also be formed by slow continuous cooling, and the struc- 
ture is soft and readily machinable, but for the best finish in machining 
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Fig. 3.7. Fine pearlite formed at 1185°F. (640°C.). 2000 X. {Forgeng.) 


40 


HARDENABILITY AND STEEL SELECTION 


it is frequently desirable to have relatively small and well-distributed 
ferrite grains with rather coarse pearlite lamellae. To secure this 
structure the steel is cooled rather rapidly to the range of 1150 to 1300°F. 
(620 to 705®C.) and then held at that temperature for some 6 to 12 hr. 
until pearlite is formed isothermally. The maximum temperature in 
heating prior to isothermal annealing is quite important and should be 
high — 1600 to 1800°F. (870 to 980®C.) — for coarse-grained steels and 
for some fine-grained alloy steels, notably the low-chromium steels, 



Fig. 3.8. Bainite formed at about 700°F. (370°C.). 2000 X. (Forgeng.) 

that transform readily to pearlite.®® A controlled normalizing treat- 
ment may also be used for this purpose. Most fine-grained steels and 
some low-nickel steels that tend to form lamellar carbide particles with 
difficulty should be heated only to a temperature between Aci and Acz 
(Fig. 2.2) and then transformed isothermally at a barely subcritical 
temperature (1150 to ISOO^F.).^®' Data reported by Brophy^® on 
the relation between the various annealing treatments and machin- 
ability are collected in Table 3.1. 

3.4. Formation of Bainite and Martensite 

During isothermal transformation at temperatures below about 
1000®F. (540*^0.), the ferrite of the ferrite-carbide aggregate (bainite) 
is acicular in structure, and the carbide is present as fine, spheroidal 
particles, which are relatively coarse when formed at the higher tem- 
peratures of this range and fine and more uniformly distributed when 
formed at the lower temperatures, as shown in Figs. 3.8 and 3.9. 
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d 
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Mo 

0.26 

0.30 

Cr 

0.70 

0.80 

0.68 

Ni 

3.30 

1.80 

0.75 

1.78 

1.40 

Mn 

0.67 

0.66 

0.84 

0.66 

1.79 
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0.48 
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a> 
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* Brophy.** 
t Speed = 130 rpm. 
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Bainite occurs frequently in incompletely hardened steels and may 
be produced intentionally by austempering* or by time quenching as in 
the Purnell process, f The treatment consists of quenching in a salt or 
lead bath to a temperature of 400 to 800°F. (205 to 425°C.), which is 
suitable for transformation to bainite, at such a rate that transformation 
in the pearlite range and at the nose of the S-curve is avoided (see 
Fig. 3.15, p. 49). The process is utilized to develop high strength and 
toughness in small sections of high-carbon steels, with a minimum of 
distortion and cracking. 



Fig. 3.9. Bainite formed at about 480®F. (250‘^C.). 2000 X. {Forgeng.) 


At still lower temperatures, martensite, which is a supersaturated 
solid solution of carbon in ferrite that has a distorted cubic or tetragonal 
lattice, starts to form below a characteristic temperature depending 
upon the composition of the steel. This structure is truly acicular in 
appearance with well-formed ‘'needles'^ as shown in Fig. 3.10. Austenite 
starts to transform to martensite as soon as the characteristic tempera- 
ture is reached without any period of incubation. It is, therefore, 
virtuaUy impossible to suppress martensite formation if the temperature 
is lowered very rapidly to the appropriate range. 

The ease with which the transformation of austenite is suppressed 
until the temperature range where martensite forms is reached depends 
upon several factors. First of all it depends on how fast the heat is 
extracted, which is determined by the quenching medium (the coolant) 

* U.S. Patent 1,924,099. 

tU.S. Patent 2,322,777. 
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and the size of the specimen treated;* second, it depends upon the speed 
with which austenite transforms to pearlite or bainite. In other words, 
it depends on the location of the S-curves with respect to the time 
ordinate of the T-T-T diagram. 

Both pearlite and bainite are formed from austenite by a process that 
involves the birth of nuclei and the growth of these nuclei into sizeable 
particles. Nucleation and growth depend principally on temperature 
and time, but in addition—and this is the important factor in harden- 



Fig. 3.10, Martensite. 1000 X. U^orgeng.) 


ability — nucleation (but not growth) is structure-sensitive; it is affected 
greatly by the composition and structure (which depends on composi- 
tion) of the material. Hence it is possible, by altering the composition 
and structure of the austenite, to accelerate or retard the nucleation 
of pearlite or bainite and thus in effect to shift the position of the S-curve 
to the left or right. 

If nucleation is accelerated, the transformation of austenite is speeded 
up, and the difficulty of quenching to the martensite temperature with- 
out prior transformation is increased; if nucleation is retarded, it is 
easier to cool the steel so that all or practically all of the austenite will 
transform only to martensite. 

*The role of the quenching medium and the effect of section size (mass) are dis- 
cussed in later chapters; it may be noted here, however, that a quenching medium 
may extract the heat from the surface very rapidly or very slowly depending upon 
its temperature and characteristics. Heat flow from the center to the surface of a 
large piece of steel, however, depends primarily on thermal conductivity and is not 
much affected by the quenching medium. 
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3.5. Effect of Carbon Content and Grain Size on the Transformation 
of Austenite 

The rate of nucleation is, as noted in the preceding section, the most 
important factor in the speed of the transformation of austenite to 
pearlite and bainite; but it is not a factor in the formation of martensite 
which forms ahnost instantaneously when austenite is cooled unchanged 



Fig. 3.11. Comparative time intervals for 50 per cent transformation in a single 
steel as influenced by austenite grain size. {Davenporty^ 

to the proper temperature. In general, carbon and alloying elements 
retard the rate of nucleation, and in addition they affect the tempera- 
ture (Af,) where martensite forms, but not the rate of formation. 

Carbon has a considerable effect on the speed of the formation of 
bainite; data reported by Davenport^^ and confirmed by others indicate 
that increasing the carbon 0.30 per cent may slow down the beginning 
of bainite formation in a carbon steel at temperatures between 700 and 
500®F. (370 and 260°C.) as much as 500 per cent. 

Directly carbon has little effect on the speed with which austenite 
transforms to pearlite. Indirectly it may have considerable influence. 
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When steels containing less than 0.75 to 0.85 per cent carbon (hypo- 
eutectoid) are cooled below the Ari temperature, excess ferrite separates, 
and if the carbon is higher than 0.85 per cent (hypereutectoid), excess 
carbide separates. Particles of excess ferrite or excess carbide act as 
loci where nucleation of pearlite will take place prematurely; thus, high- 



Fig. 3.12. T-T-T diagrams for SAE 4140 steel with grain size 2-3 and 7-S. 
(Davenport^ Orangey and Hafsten.)*^ 


carbon steels and low-carbon steels will transform a little more rapidly 
in the pearlite range than steels containing approximately the amount of 
carbon (0.80 per cent) in pearlite. 

Transformation of austenite to pearlite is also accelerated if undis- 
solved carbides or inclusions are present in the austenite. These also 
act as loci where premature nucleation of pearlite starts. The extent 
to which the transformation is speeded up depends on the amount, the 
size, and especially the distribution of these undissolved particles. 

The grain size of a steel also influences the transformation charac- 
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teristics. It has been shown by Davenport^^ and by Davenport, Grange, 
and Hafsten^^ that the coarser the grain size the greater is the delay in 
the start of transformation. The effect is more pronounced at tempera- 
tures near the nose of the curve, as indicated in Figs. 3.11 and 3.12, and 
diminishes .at higher and lower temperatures. Hollomon and Jaffe^® 





Fig. 3.13. General types of T-T-T- diagrams for alloy steels. {Morral.)^^ 


indicated that in isothermal transformation the formation of pearlite 
is affected by grain size to a much greater degree than that of bainite, 
but that in continuous cooling grain size has a material effect on the 
bainite reaction. 

3.6. General Effects of the Alloying Elements on Isothermal Trans- 
formation of Austenite 

The effect of individual alloying elements on the reaction rates has 
been extensively studied. Each element has a tendency to exert a 
characteristic influence on the austenite —> pearlite and the austenite 
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bainite transformations, so that each type of steel has a characteristically 
shaped T-T-T diagram. The gross effects of alloying elements may be 
considered simply as tendencies to increase or decrease the time for 
nucleation of the pearlitic and/or the bainitic constituents, and the 
S-curves of steels containing alloying elements may be grouped qualita- 
tively into a number of classes. 

Morral, after a survey of the available isothermal -transformation 
data, found that the time-temperature-transformation curves of simple 
and complex steels may be classified into four basic types.* As will 
be seen in Fig. 3.13, he classified the S-curves with resj>ect to qualitative 
translation of the same shape to greater time intervals and also with 
respect to their tendency to develop a bay (or chin or shelf), which 
differentiates the pearlite and bainite temperature areas of the diagrams. 
In general, the austenite-forming elements manganese and nickel tend 
to increase the time without greatly changing the shape of the curve. 
The strongly carbide-forming elements chromium and molybdenum 
increase the time required for pearlite formation but have relatively 
less effect on bainite, so that they tend to accentuate the separation of 
the curve into two noses types II and III). Molybdenum has less 
effect on bainite than does chromium. The time for bainite formation 
in chromium steels is greatly increased by carbon so that high-carbon 
chromium steels have T-T-T curves similar to those of plain manganese 
and nickel steels. The Morral classification of some common steels is 
shown in Table 3.2. 

Table 3.2, General Classification of Steels According to T-T-T Diagrams 
Morral type SAE and other steels 

I 1000, 1300, 2300, 2515, high-carbon tool steels 

II 3100, 3200, 4000, 4130, 4600, 4815, 5100, 6100, 8600, 8700 

III 3310, 4100 (except 4130), 4300, 5200 

IV A few complex nickel-chromium steels, medium- and high- 
alloy tool and die steels, special air-hardening steels, high- 
chromium cutlery and die steels, and high-speed steels. 

3.7. Transformation of Austenite to Martensite 

The primary purpose of quenching is to produce martensite. If the 
cooling rate is sufficiently fast to suppress the formation at high tem- 
peratures of ferrite, pearlite, and bainite, further lowering of the tempera- 
ture results in transformation of austenite to martensite. As found by 
Greninger and Troiano,®^ the transformation of austenite to martensite 

MorraVs original classification was published in 1945'®* and gave five types. He 
has recently made a new study of the literature;'®^ Fig. 3.13 is based on his latest 
classification. 
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depends on the composition, which affects the temperature of martensite 
formation, but the transformation does not depend on time. In low- 
alloy steels the reaction is completed above room temperature, but some 
high-aUoy steels require treatment at lower temperatures to complete 
transformation.^^’ 



Fig. 3.14. Effect of carbon on upper limit of martensite formation (M«) in high- 
purity iron-carbon alloys. {Grange and Stewart.y^ 


Carbon and alloying elements lower the temperature range in which 
martensite forms. Greninger and Troiano®^ and Digges'^ found that 
carbon lowered the temperature at which martensite starts to form (Af,) 
by the amounts indicated in Fig. 3.14. Several investigators®®* 
have studied the effect of alloying elements on the M, temperature, and 
different formulas have been proposed for calculation of the temperature 
from the composition. Grange and Stewart®® suggested that, when 
several alloying elements are present, they act in an additive manner in 
depressing the Af, temperature according to the following formula: 

M. r F.) = 1000 - (650 X % C) - (70 X % Mn) - 

(36 X % Ni) - (70 X % Cr) - (50 X % Mo) . * 

* These factors apply only for chromium up to 1.6 per cent and for molybdenum 
up to about 1 per cent. 
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The temperature for completion of martensite formation {M /) may be 
150 to 300°F. (85 to 170°C.) below ikf, depending on carbon and alloy 
content. Grain size has no appreciable effect on the martensite reaction. 

The ability to estimate the temperature at which austenite transforms 
to martensite on quenching is of practical value in interrupted-quenching 



Fig. 3.15. Schematic T-T-T diagram for carbon steel showing critical-cooling- 
rate curve, Mm temperature, and temperatures for austempering and martempering. 
{McMuLkin.y^^ 

treatments such as austempering and martempering. The latter treat- 
ment was devised by Shepherd to minimize quench cracking. The 
steel is quenched in a bath maintained at a temperature just above the 
Af, temperature for that particular steel. It is held in the bath just 
long enough for the temperature to become equalized but not long 
enough for bainite to form isothermally, after which it can be cooled 
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slowly (as in air) to room temperature, whereupon martensite forms. 
The absence of thermal gradients minimizes the tendency of the steel to 
distort and crack during hardening, which may occur in quenching 
directly into the coolant at room temf)erature. A schematic representa- 
tion of austempering and martemi^ring, for carbon steels, is shown in 
Fig. 3.15 based on a chart prepared by McMulkin.^®'^ 

In the common low-alloy engineering steels, the martensite reaction 
is completed above room temperature, but with high carbon or high 
alloy contents, the end of the transformation of austenite to martensite 
{M f) may be lowered to below room temperature, when a structure 
consisting of martensite and untransformed (retained) austenite results. 
Retained austenite is also common in the high-carbon case of carburized 
steels. In order to complete austenite transformation to martensite 
these steels may be cooled to subzero temperatures. The subzero 
treatment is carried out in mechanical refrigerators, dry ice, or liquid 
nitrogen and is effective in raising the hardness (producing more mar- 
tensite) of steels containing substantial amounts of residual austenite. 
Sufficient time should be allowed at the subzero temperature for the 
entire piece to attain that temperature. 

3.8. Transformation of Austenite during Continuous Cooling 

Hardening of steel to maximum hardness is accomplished by quench- 
ing at such a rate that austenite is transformed to martensite uncon- 
taminated by excess ferrite, pearlite, or bainite, and the critical rate of 
cooling required to produce such hardening depends on the tendency 
to form the softer constituents at elevateil temperatures. The tendency 
toward premature transformation, measured by the location of the 
beginning-of-transformation curve in the T-T-T diagram, should eventu- 
ally provide a rational basis for predicting the composition and cooling 
rate required to produce a certain degree of hardening, although up to 
the present more accurate predictions of hardenability have resulted 
from empirical quenching tests. 

The study of austenite transformation at constant temperatures has 
indicated that, above the temperature of martensite reaction, trans- 
formation is sensitive to time. During continuous cooling from the 
quenching temperature, therefore, transformation may occur over a 
range of temperatures. Work by Grange and Kiefer^"^ and by Liedholm®^ 
indicates that transformation starts during continuous cooling at tem- 
peratures and times that are lowered and displaced to the right as com- 
pared with those of isothermal-transformation diagrams; this is shown 
in Fig. 3.16. The amount by which temperature and time are displaced 
is dependent on a complex integration of the effects of time and tern- 
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perature on nucleation and rate of reaction as discussed by Hollomon, 
Jaffe, and Norton^® and by Manning and Lorig.®^ 

The last-named have indicated that transformation of austenite to 
ferrite and pearl ite during continuous cooling may be estimated from 
isothermal-transformation data with some approach toward accuracy. 
They assumed that the effects of time at a higher temperature could be 



Fig. 3.16. Relation between continuous cooling rates and the T-T-T diagram for 
a eutectoid steel. (Grange and Kiefer.y^ 


considered additive to time at a lower temperature so that the increments 
of time in successively lower temperature brackets could be integrated 
to a total time at the temperature of transformation. Bainite forma- 
tion was not found to be predictable by this additive formula. A 
complicating factor is that bainite is affected by change in the austenite 
composition due to prior ferrite rejection and to the initial stages of the 
bainite formation. 

The difficulty in translating isothermal-transformation into con- 
tinuous-cooling behavior makes it impractical at present to estimate 
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quantitative hardenability by this means. Isothermal data are helpful 
in a qualitative sense, but the mechanism of even isothermal transforma- 
tions is poorly understood and the basic characteristics of the resulting 
structures are barely recognized. The calculations in the following 
chapters on hardenability are based largely on empirical observations 
of hardening during continuous cooling, and such progress as has been 
made is remarkable when it is considered that no effective approach 
has yet been made to understanding why alloying elements increase 
hardenability. 

3.9. Summary 

Steel is essentially an iron-carbon alloy that dissolves carbide on 
heating to the austenitic condition and rejects it on cooling. The sub- 
critical temperature at which austenite transforms controls the form and 
size of the carbide particles in the structure and thereby governs the 
degree of hardening. Under conditions of isothermal transformation, 
proeutectoid ferrite or carbide and relatively soft lamellar pearlite are 
formed in the temperature range of 1000 to 1300°F. (540 to 705°C.). 
Between about 500 and lOOO^^F. (260 and 540®C.) the ferrite-carbide 
aggregate is the harder acicular bainite, and at lower temperatures 
carbon is retained in supersaturated solution in the ferrite lattice to form 
hard martensite. All of the non-martensitic constituents formed above 
the martensite temperature require a certain amount of time for nuclea- 
tion and growth. Thus, on continuous cooling (quenching) it is possible 
to suppress their formation by fast cooling or by increasing the nucleation 
time with alloying elements. The effects of alloying elements on the 
isothermal transformation of austenite have teen established qualita- 
tively but their effects during continuous cooling have not been definitely 
evaluated and recourse must be made to empirical observations of the 
type described in the following chapters. 
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Even in its simplest 

form the modern heat treatment of steel is an expensive process, but 
for many thousands of applications the high cost is entirely justified. 
The necessity for high hardness in tools is plain to everyone, and it is 
equally clear that the modern machine would be an unattainable ideal 
if high-strength quenched and tempered parts were unavailable. This 
is self-evident to every metallurgist and every engineer and does not 
need to be labored further. 

Since heat treatment is such an important operation for steels used 
in a multitude of modern structures and machines, it is equally obvious 
that metallurgists and engineers should be vitally interested in the 
response of the various carbon and alloy steels to quenching; i.e., in the 
degree of hardening — the hardenability — and the structure (and prop- 
erties) that can be attained by cooling from a red heat at various rates. 

The degree of hardening attained in any given steel by quenching and 
the resulting structure and properties are dependent on two main factors. 
These are the severity of the quench and the mass of the quenched 
section. In other words, we should know if the quenching medium will 
cool the surface of the steel rapidly enough to produce the desired 
structure and also if the center, or any definite area below the surface, 
will cool rapidly enough to have the structure desired there. 

An evaluation of the effect of mass is complicated by the fact that the 
heat from the center of a sizeable piece of steel will travel to the surface, 
where it can be dissipated by the coolant, at a relatively slow rate that 
depends primarily on the thermal conductivity of the material and only 
to a much lesser extent on the cooling ability of the quenching medium. 

63 
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Further, the rate at which the heat travels from center to surface is 
for all practical purposes independent of the chemical composition. 

A large amount of experimental work Jias been done on relative 
cooling rates of steel in various quenching mediums, at the surface and 
center, and at different positions between surface and center, in sections 
of different sizes and shapes; and the names of French, Scott, Grossmann, 
and Russell, to list only a few, are well known in this metallurgical field 
of endeavor. An outline of present-day knowledge of cooling rates and 
of the variables that affect the rates, based on the work of these and 
other investigators, is sketched broadly in this chapter. 

4.1. Methods Used for Studying the Quenching of Steel 

In general, three methods have been used to study the quenching of 
steel. These are (1) determining the relation between cooling rate and 
the surface and volume of steels of various sizes and shapes; (2) deter- 
mining the severity of the quench, using cylindrical bars or plates, by 
comparing the amount of martensite produced with a standard (usually 
50 per cent martensite) in sections of various sizes and shapes and by 
various quenching mediums; and (3) determining the severity of the 
quench by means of the Jominy hardenability test (discussed in Chapter 
6) and applying the data thus obtained to cylindrical bars and to square 
and flat sections, and to various quenching conditions. 

To work out a definite relation for the severity of the quench 
for various quenching conditions and for sections of various shapes and 
sizes, it has been necessary to make a number of assumptions, some of 
which are of doubtful validity. The errors inherent in the procedure 
may, therefore, be serious, and in extreme cases the calculations may 
actually be misleading. In general, however, these relations are proba- 
bly as trustworthy as some of the other factors involved in the hardening 
of steel, especially as many of the values used have been determined 
experimentally. More important, however, is the fact that a rough 
estimate of cooling rates is a very useful tool, and it is being used satis- 
factorily to determine at least approximately the response to quenching 
of steels of widely varying composition and size. 

4.2. Relative Cooling Rates at Surface and Center during Quenching 

The rate of cooling within a specific bar depends upon the speed with 
which the surface of the bar is cooled to the temperature of the quenching 
bath. Because of the inherent limitations imposed by thermal con- 
ductivity and the fact that in quenching, heat is extracted only at the 
surface of the bar, there is a cooling-rate gj’adient between the surface 
and the center of the bar as indicated in Fig. 4. 1 . The greater the rate of 
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cooling at the surface, the steeper is the gradient and, consequently, the 
faster is the cooling rate at all positions within the bar. This is shown 
by data cited by Sisco^^ (based on work by French^^) for spheres 



Fig. 4.1. Times required for various locations within a bar to cool when quenched 
in cold water. (Grossmann.)^ 


quenched in slowly moving water or oil, or cooled in still air; the values 
given are the total times, in seconds, measured during quenching from 
1400 to 600°F. (760 to 315%^.) : 


Size, 

in. 

Water 

Oil 

Air 

Surface 

Center 

Surface 

Center 

Surface 

Center 

1 

0.1 

5 

8 ! 

35 

450 

475 

2i 

0.3 

20 

. 30 

>100 

>1000 

>1000 


The rate at which the surface of a piece of steel is cooled to a given 
temperature is dependent upon its size and shape and the severity of 
quench. With a given severity, the cooling rate at the surface of a 
cylindrical bar decreases with an increase in diameter, and an over-all 
decrease in the internal cooling rate of the bar results. This is illus- 
trated in Fig. 4.2, in which the cooling times are shown for a position 
J in. below the surface and at the center of plates 1^, 3, and 6 in. thick 
when water quenched under the same conditions. Less drastic quench- 
ing acts in much the same manner as increasing the bar size. Similarly, 
a decrease of the surface area for the same volume of metal results in a 
decrease in cooling rate. The effect of mass then is to decrease the 
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cooling rates at all positions within the bar as the ratio of surface to mass 
is decreased by increase of size or change in shape. 


4.3. Stages in Cooling the Surface during Quenching 

Scott^^ showed that in the cooling of a metal surface by a liquid, the 
first stage is one of slow heat transfer because of vapor films that separate 
the liquid from the metal. The heat transfer from metal to coolant is 
least effective in liquids having low and sharp boiling points, such as 
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Fig. 4.2. Effect of plate thickness on cooling time during quenching. 
Martin and Pappas.y^^ 
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water. The second stage is the one most active in heat transfer because 
cool liquid is continuously brought to the metal surface as bubbles of 
vapor leave it, and in this stage, water is particularly effective. Cooling 
in the third stage is by convection since the surface temperature of the 
metal is below the boiling point of the liquid. The thermal conduc- 
tivity of the liquid is the chief factor in determining the activity in 
this stage. 

In hardening steel, the most desirable quenching medium would be 
one that avoids the first stage, as with the use of oils; that would give 
a rapid heat loss in the second stage, as in the case of water; and that 
would cool slowly, like oil, in the third stage to avoid a rapid drop in 
temperature through the low-temperature range where martensite 
forms. However, although a search is stiU being made for the ‘^perfect^’ 
quenching medium, in practical quenching operations we are generally 
limited to the use of water, water solutions, and natural or prepared 
oils. The choice depends upon the economy with which cooling rates 
giving the desired degrees of hardening are attained without excessive 
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distortion and cracking. In order to make such a selection, it is neces- 
sary to be able to evaluate the effect of the various quenching mediums 
in terms of cooling rate, or severity of quench. 

Although the shapes of the cooling curves vary with different quench- 
ing mediums, it has been necessary for purposes of calculation to assume 
that all mediums will give the same shape of cooling curve in order to 
obtain a simple criterion for evaluation of quenching rates. It has also 
been assumed for purposes of calculation that the physical constants of 
the steel such as heat conductivity, density, and thermal diffusivity do 
not change with temperature and are the same for all steels. The error 
introduced with these assumptions is sometimes significant, but gen- 
erally it is sufficiently small to permit a useful approximation that is 
better than the alternative intuitive guess. 

4.4. Cooling Rates with Various Quenching Mediums 

The effect of the various quenching mediums may be measured as 
the cooling rate attained at a certain temperature at a definite location 
in a bar of specific size and shape when cooled under uniform or con- 
trolled conditions. Since the amount of agitation in the quenching 
bath influences the speed with which the bath extracts heat from the 
metal, this has to be constant or controlled for accurate comparison. 
The cooling rate may be determined experimentally by quenching 
bars of a definite size in various quenching mediums and recording the 
change of temperature with respect to time at a definite location within 
the bar. 


Table 4.1. Relative Cooling Rates at Center of i-in. Cylinders of 0.95 Per Cent 
Carbon Steel, Quenched from 1610°F. (875°C.). Rates Observed at 1330°F. 
(720°C.)* 


Water solutions 

Cooling rate at 
1330°F. (720°C.) 

"F./sec. °C./sec. 

Oils 

Cooling rate at 
1330°F. (720°C.) 

°F./sec. °C./sec. 

Water 

234 1 1 

130t 

Prepared oil, No. 1 . . 

144 

80 

5% sodium hydroxide 

396 

220 

Prepared oil. No. 2 . . 

122 

68 

5% calcium chloride. . 

378 

210 

Crude 

117 

65 

10% sodium car- 



Cottonseed 

117 

65 

bonate 

342 

190 

Neat’s-foot 

108 

60 

0.06% white soap 



Fish 

99 

55 

solution 

41 

23 

Machine 

70 

39 




Transformer 

56 

31 




Palm 

47 

26 


* French.*^ 

t Average: actual rates 216 to 252®F. (120 to 140°C.) per sec. 
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French^ determined the cooling rates attained at the center of i-in. 
cylinders of 0.95 per cent carbon steel when quenched in different 
coolants without agitation. Some of his data are collected in Table 4.1. 
The cooling rates apply only to the specific conditions of the test. At 
the same location in larger bars, slower rates would have been obtained; 
upon quenching into agitated baths, the cooling rates would have been 
greater, and upon quenching from another temperature, the quenching 
rates would have been different. 

To approximate the cooling rates of spheres, cylinders, and plates, 
French®^ established the following formula by which the center cooling 
velocities in terms of degrees centigrade per second at 720°C. may be 
estimated for coolants having cooling characteristics similar to those of 
oil and water: 



where V = velocity in degrees centigrade at 720°C., 

>S = surface area in square inches, 

W = volume in cubic inches, and 
n and C 2 = constants depending on quenching mediums. 

The formula indicates that the cooling rate bears a direct relation to 
some power of the ratio of the surface area to the volume of the material. 
The ratio of surface to volume varies with the diameter or thickness in 
any given shape and with different shapes, such as spheres, rounds, 
plates, and others. It is, therefore, possible to express section and 
shape effects in a single parameter, the ratio of surface to volume. The 
constants n and C 2 in the formula do not change with the shape or size 
of the material biit are dependent only upon the type of coolant. 

4.5. Application of French’s Method 

To illustrate French’s method assume that constants are desired for 
an agitated water quench so that the cooling rate to be expected at the 
center of bars of various sizes may be estimated for these quenching 
conditions. First, it is necessary to measure the cooling rate at the 
center of a bar of known dimensions. For convenience assume that a 
bar, 1 in. in diameter by 4 in, long and quenched under the specified 
conditions, has a cooling rate at 1330°F. (720°C.) of 126®F. (70°C.) per 
sec. when quenched from 1610°F. (875°C.). The bar has a surface area 
of 14.14 sq. in. and a volume of 3.14 cu. in. and, therefore, a surface area 
per unit volume of 14. 14-?- 3. 14 =4.50. Having determined the cooling 
rate and the surface area per unit volume, reference is made to Fig. 4.3 
in which the cooling velocity at 1330®F. (720°C.) is plotted against the 
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value for the n constant of the coolant for various values of the surface 
area per unit volume S/W. In the diagram, a horizontal line repre- 
senting a center cooling velocity of 126°F. (70°C.) per sec. intersects an 
imaginary curved line for S/W = 4,50 at a point indicating a value, on 
the abscissa, of 1.92 for n. 



Fig. 4.3. Relation between center cooling velocity at 1330°F. (720°C.), the n 
exponent in French’s equation, and surface p)er unit volume for steels quenched from 
1610° F. (875°C.). {French,y^ 

By substituting the value of n=1.92 and the cooling rate of 126°F. 
(70°C.) per sec. in the above formula the value of the other constant 
(C 2 ) may be determined. By substitution then: 

126°F. (70°C.) = (4.5)'-»2xC2, 

C2 = 3.9. 

These constants can then be applied to the calculation of the center 
cooling rate of bars of different sizes quenched under the same conditions 
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and from the same temperature. The cooling rate may also be deter- 
mined graphically from Fig. 4.3 if the value of n is known. 

The constants, determined by French, for quenching in still brine, 
water, oil, and air are shown in Table 4.2 to serve as a guide for constants 
that may be expected for various mediums. 

Table 4.2. Con.stants for Several Quenching Mediums for Use with Frenches 
Formula, in Quenching from 1610°F. (875°C.) 


Quenching medium and shape 

Value for constant 

n 

c. 

5% NaOH, rounds 

1.84 

3.86 

Water 



Spheres 

1.75 

3.89 

Rounds 

1.75 

3.91 

Plates 

1.75 

4.03 

Average 


3.94 

No. 2 oil 



Spheres 

1.40 

3.22 

Rounds 

1.40 

3.03 

Average 


3.12 

Still air, rounds 

1.15 

0.31 


By substituting in the above formula the values of the constants 
appropriate for the quenching medium, the center cooling velocities of 
bars of various sizes obtained in quenching in 5 per cent NaOH brine, 
water, oil, or air may be estimated. A more rapid estimation may be 
made of the center cooling velocities taken at 1330°F. (720®C.) for these 
same conditions of cooling by the use of Fig. 4.4, in which the cooling 
velocity is plotted against the ratio of surface area to volume for different 
quenching mediums. For example, if a bar has an SjW ratio of 5.0, 
the diagram shows that the vertical line representing S/IF =5.0 inter- 
sects the curved line for air cooling at a point representing a cooling 
rate of 3.6®F. (2.0°C.) per sec.; the curved line for oil quenching at a 
point equivalent to about 54°F. (30®C.) per sec.; and the line for water 
quenching at a point equivalent to about 117°F. (65°C.) per sec. These 
cooling rates at 1330®F. (720®C.) would then be those at the center of 
such a bar quenched in these mediums. 

If quenching temperatures other than 1610®F. (875°C.) are to be 
used, the center cooling rate at 1330®F. (720°C.) may be determined if 
the cooling rate obtained in quenching from 1610°F. is known. For 
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example, suppose that a bar with a value for SjW of 4.5 is quenched from 
1610°F. into agitated water with an n value of 1.92 and that the center 
cooling rate is 126°F. (70°C.) per sec. If the cooling rate is to be 
estimated during quenching from 1520®F. (825°C.), locate in Fig. 4.5 the 



Fig. 4.4. Relation between center cooling velocity at 1330°F. (720°C.) and the 
surface per unit volume of steels quenched from 1610°F. (875°C.) in different coolants. 
(French.y^ 

intersection at the vertical line for 1610°F. (875°C.) and an imaginary 
line for SjW at 4.50 and read on the ordinate the factor represented by 
this point or 0.30. For the new temperature, 1520®F. (825°C.), the 
factor is 0.265. The center cooling velocity at 1330®F. (720°C.) in 
quenching from 1520°F. (825°C.) will be 0.265/0.30 of 126°F. (70°C.) per 
sec., or 111°F. (61.8®C.) per sec. It should be noted that Jackson and 
Christenson®® found later that the cooling rate increases with quenching 
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temperature only where the surface-to-volume ratio is large, but that 
with low surface-to-volume ratio (as in Jbminy specimens) increase of 
temperature lowers the cooling rate. 



Quenching temperciture,deq.C. 


Fig. 4.5. Factors for converting center cooling velocity at 1330°F. (720°C.) de- 
termined at one quenching temperature to that for a different quenching temperature. 
(French,)^ 

4.6* Determination of the Severity of the Quench 

Another means of evaluating the relative effectiveness of quenching 
mediums is by reference to numerical values expressing their quenching 
severity. This avoids expression in terms of specific bar size as in the 
case of cooling rate. It has the further advantage that, if the value for 
the severity of quench is known, the time required to cool to any specific 
temperature between the austenitizing temperature and that of the 
coolant can be calculated for any location within a bar from such con- 
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slants as those given by Russell. Such a calculation assumes that 
thermal conductivity, specific heat, and density of steel do not change 
with temperature or composition and that the rate of abstraction of 
heat is proportional to the difference between the initial temperature 
and that of the coolant in accordance with Newton^s law. The rate at 
which the coolant lowers the surface temperature and extracts heat is 
assumed to follow the laws of conductivity. By evaluation of factors 
for temperature, time, and dimension in terms of thermal conductivity, 
specific heat, and density, the effect of the coolant is then derived as an 
independent variable representing the severity of the quench, which 
theoretically can be applied to a steel section of any size or shape under 
any heating or quenching conditions. The severity of the quench was 
designated as H by Grossmann, Asimow, and Urban®^ — the designation 
which is used in this book — and as h by Russell. 


Table 4.3. Approximate Severity of Quench, H, for Several Quenching Mediums* 


Agitation of quenching medium 
or movement of the piece 

Severity of quench H in 

Quenching medium 

Piece 

Air 

Oil 

Water 

Brine 

None 

None 

0.02 

0.3 

1.0 

2.2 

None 

Moderate 


0.4 to 0.6 

1.5 t.) 3.0 


None 

Violent 


0.6 to 0.8 

3.0 to 6.0 

7.5 

Violent or spray 



1.0 to 1.7 

6.0 to 12.0 



* Grossmann and Asimow.®^ 


Basing on data from such calculations and the results of experimental 
work, Grossmann and Asimow®^ were able to determine the approxi- 
mate severity of quench for several quenching mediums as shown in 
Table 4.3. An agitated salt bath at 400°F. (205°C.) has a quenching- 
severity value of H = 0.25 to 0.30 on parts that have a machined surface. 
With materials having a light scale, the quenching severity is H = 0.20.®^ 
Like cooling rate, the severity of quench is influenced markedly by such 
factors as rate of agitation, composition, and viscosity of the coolant 
as well as by any scale on the surface of the bar. It is recommended 
that for close control of quenching the value of H be determined for 
each set of quenching conditions. Once the severity of quench has been 

*The letter H used by Grossmann, Asimow, and Urban to designate severity of 
quench is numerically equal to one half of h as used by Russell. In other words, 
2H * h. Both H and h are measured in reciprocal inches (1 /in.) and are heat-transfer 
ratios of f, the heat-transfer factor in Btu/in.*Xsec. X®F., to K, the thermal conduc- 
tivity in Btu/in. Xsec. X°F. A complete discussion of the mathematics involved 
is given by Asimow in the appendix of the paper by Grossmann, Asimow, and 
Urban." 
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established for certain conditions, it is applicable to other treatments 
under the same conditions. The strongest possible quench, in which 
the surface temperature is instantly lowered to that of the quenching 
medium, is called an ideal quench and is expressed as H = oo . The con- 
ception of* the ideal quench is of much value as it is a basis to which 
other severities of quench may be related. 

Constants from which it is possible to calculate the time required 
for round bars of various sizes to cool to various temperatures below 
the quenching temperature have been determined by Grossmann, 
Asimow, and Urban®^ for different quenching severities. From these 
constants a method of estimating the numerical value for severity of 
quench of round bars and plates was developed by these investigators. 
According to this method, gradients can be calculated for bars of 
various sizes for different values of severity of quench. The results can 
then be plotted as isohalf-temperature/time lines with respect to the 
position in the bar. 

In Fig. 4.6, the quenching rate of the bar is expressed as the diameter 
of the bar multiplied by the numerical value for severity of quench. 
If a bar of a given diameter (D) is quenched with a given severity (H), 
a certain time is required to reach a certain temperature at a certain 
position in the bar. If the bar is larger or smaller, the same tempera- 
ture will be reached in the same time at a different position in the bar 
of different diameter. For an equivalent cooling time the critical depth 
in the bar is expressed as the ratio of the unhardened partial diameter 
{Du) to the total bar diameter (D). If the time and temperature are 
critical with respect to hardening of the steel, the outer circumference 
will be hardened and the core will be unhardened, so that the partial 
diameter is expressed as {Du) to indicate the unhardened core. As the 
section is increased, without change in the severity of quench, the 
location for equivalent cooling time moves toward the surface. Then, 
as the section {D) becomes larger, the ratio of the unhardened diameter 
to bar diameter — that is, the ratio of Du to D — increases and follows 
the curved lines in Fig. 4.6 representing severity of quench. Thus, if 
equivalent cooling time is measured in different bar diameters and 
plotted as the ratio of Du to D against D, it is possible to match the 
curve against the curved lines representing severity of quench and 
graphically determine HD. The severity of quench (H) is found by 
dividing HD by bar diameter D. 

4.7. Determination of Severity of Quench for Rotmd Bars and Plates 

In determining the severity of quench by the method of Grossmann, 
Asimow, and Urban,*® at least three cylindrical bars of graduated size 
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are quenched under the conditions for which the numerical value for 
quenching severity is to be determined. After quenching, the bars are 
sectioned and etched to reveal the hardened case and the unhardened 
core as shown in Fig. 4.7. The diameter of the unhardened core, that is, 
the diameter of the dark-etching material, is measured and is expressed 
as Du. 

The value of Du may also be determined from hardness traverse 
curves of the cross sections, such as those shown by the small inset 





Fig. 4.7. Unhardened cores of graduated series of etched bars quenched under 
identical conditions. (Grossmann.y^ 


drawing in Fig. 4.6. A hardness common to the three (or more) curves, 
say Rockwell C 48 in the diagram, is selected, and the distance between 
the points on the cross section at which this hardness occurs is the value 
of Du. 

From the value of Du for each bar the ratios between the unhardened 
core and the bar diameters are calculated. For example, in the inset 
in Fig. 4.6 the unhardened core of the 2-in. bar or Du^ is 1.55 in. so that 
Z>w-rD = 1.55-4-2.00=0.775. These ratios are plotted against the diam- 
eters of the bars as shown in Fig. 4.8. The plot should be made on 
transparent semilog paper having coordinate dimensions equaling those 
of the master chart shown in Fig. 4.6 or on a cover slide of some trans- 
parent material over the master chart with reference lines drawn perpen- 
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dicular to and horizontal to the abscissa of the master chart. A line 
may be drawn through the plotted points if desired. 

The transparent cover slide or graph paper that is superimposed on 
the master chart is moved horizontally back and forth until the plotted 
points fall on a single matching curve. Assume, for example, that the 
line determined experimentally (Fig. 4.8) falls on the curved line that 
intersects the abscissa at IIZ) = 5.0 and also intersects the horizontal 
line = 0.775 at the vertical line HZ) =10.0. The numerical value 



Fio. 4.8. Ratio of unhardened core indicated for 48 Rockwell C (inset, Fig. 4.6) 
and bar diameter against bar diameter. 

for the quenching severity H is determined by dividing the value for 
HZ) at which the curve intersects the horizontal line representing a 
given DujD ratio, by the diameter of the bar to which the ratio applies. 
For example, the curved line intersects the horizontal line for DulD = 0 
at an HZ) value of 5.0. This is then divided by the diameter of the bar, 
that is, by 1.0 in which DulD = 0. Thus, H = HZ)^Z) = 5.0'^1.0 = 5.0 
In the 2.0-in. diameter bar DujD = 0J75 and HZ) = 10.0 so that 
H = HZ)-^H = 10.0-^2.0 = 5.0. The value of H is considered to be con- 
stant for all sections quenched under the same condition as the bars on 
which the value for H was determined. 

In an analogous manner the numerical value for severity of quench 
H may be determined from data obtained on quenched plates by means 
of the master chart shown in Fig. 4.9. The unhardened thickness is 
called Lu and the plate thickness is represented by L. 




Fig. 4.9. Relation between quenching severity, plate thickness, and depth of hardening. {Asimow and Gn 
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4.8. Determination of Severity of Quench from Jominy Tests 

In the method developed by Lamont** for determining the numerical 
value for severity of quench, it is necessary to make a Jominy test 
(described in detail in Chapter 6) of a steel of medium hardenability 
and quench a bar of the same steel of such size that it will harden only 



Oisfance from waiter-quenched end , in. 

Fig. 4.10. Jominy hardenability curve of a low-alloy steel. {Lamoni,)^ 



Fig. 4.11. Cross-sectional hardness of a 4-in. diameter quenched bar of the same 
steel. {Lamont.)^ 

partially at the center when quenched under the conditions for which 
the H value is to be determined. Assume that the steel has a Jominy 
hardness curve similar to that shown in Fig. 4.10 and that a 4-in. 
diameter quenched bar of the same steel has a hardness distribution 
similar to that shown in Fig. 4.11. A hardness value (say, of 45 
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Rockwell C) is then selected that is found in both the Jominy curve 
and the hardness-distribution curve. This hardness, as shown in 
Figs. 4.10 and 4.11, occurs at a Jominy depth of J in. from the water- 
quenched end and at a distance of 1.0 in. from the center of the 4.0-in. 
diameter bar; that is, at a fractional depth between center and surface 
of the bar of r//2 = 0.5, where r is the distance from the center of the bar 
to 45 Rockwell C (Fig. 4.11) and R is the radius of the bar. 



Fig. 4.12. Relation between severity of quench, Jominy depth, and bar size at a 
fractional depth r//2 = 0.5. (Lamoni.)^ 


Reference is made to the appropriate one of the charts indicating the 
relation between Jominy depth, severity of quench, and bar diameter 
for various fractional depths shown in Figs. 4.14 to 4.24 or, in this 
example, to the chart for the fractional depth r//2=0.5 shown in Figs. 
4.12 and 4.19. The value for the severity of quench is determined, as 
shown in Fig. 4.12, by the intersection of the horizontal line repre- 
senting 4.0-in. diameter and the vertical line for a Jominy depth of j in. 
at the curved line H=2.0, which represents the numerical value for 
the severity of quench in this case. Once the H value has been estab- 
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lished on one steel it is presumed to be applicable to other steels and 
other sections quenched under the same conditions. 

4.9. Application of Jominy Test and Severity of Quench to Round Bars 

For illustration of the manner in which the relation between Jominy 
hardness, severity of quench, and bar size may be applied to practical 
operations, assume that for a steel having the same Jominy hardness 
characteristics as the one shown in Fig. 4.13, it is desired to know the 


Coolmci roifc at I300®F., in deg. F. per sec . 

600 KX) 50 20 15 10 8 6 5 4.5 4.0 



Distance from quenched end of specimen, sixteenths of an inch 
Fig. 4.13. Jominy hardenability curve of a SAE 4140 steel. 


maximum size of round bar that will fully harden when cooled with a 
quenching severity H = 0.35; the center hardness of the fully hardened 
bar; the severity of quench required to develop full hardening in a 
2.0-in. bar; the severity of quench necessary to develop full hardening 
to a depth of 0.3 in. below the surface in a 3.0-in. diameter bar; and 
finally, the cross-sectional hardness that is obtained in a 4.0-in. diameter 
bar when quenched with a severity H = 1.0. Use is made of the rela- 
tions shown in Figs. 4.13 to 4.24 to determine the desired information. 

In the steel under discussion (Fig. 4.13), maximum hardening is 
considered to occur in the Jominy specimen to a depth of 6 sixteenths of 
an inch and is represented by a hardness of 55.8 Rockwell C. In order 
to find the maximum size that will develop full hardening at the center 
in quenching with a severity H = 0.35, reference is made to Fig. 4.14. 
The vertical line for a Jominy depth of 6 sixteenths of an inch intersects 
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Fig. 4.14. Location on end-quenched Jominy hardenability specimen cor- 
responding to the center of round bars. (Larnoni.)^ 



Fig. 4.15. Location on end-quenched Jominy hardenability specimen cor- 
responding to 10 per cent from the center of round bars. (Lamont,)^ 
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the quenching-severity curve H=0.35 at a point on the horizontal line 
indicating a bar diameter of about 1 in. in diameter. A hardness after 
quenching of 55.8 Rockwell C would be expected in bars 1.0 in. or less 
in diameter when quenched under these conditions. 



Disfancc from wafer- ccx)led end, in. 

Fig. 4.16. Location on end-quenched Jominy hardenability specimen cor- 
responding to 20 per cent from the center of round bars. {Lamont.)^ 

The severity of quench necessary to develop full hardening at the 
center of a 2.0-in. diameter bar, comparable to the Jominy depth of 
6 sixteenths of an inch in Fig. 4.13, is indicated where the vertical line 
at 6 sixteenths of an inch of Jominy depth in Fig. 4.14 intersects the 
horizontal line for the 2.0-in. diameter bar on the curved line H = 2.0. 

Estimation of the severity of quench necessary to develop full hard- 
ening to a depth of 0.3 in. below the surface of a 3.0-in. diameter SAE 
4140 bar may be made from Fig. 4.22 representing fractional depth of 
hardening of 0.8. In this bar, the fractional depth of hardening between 

center and surface is ^ ~ reference to Fig. 4.22 

for the fractional depth r/R = 0.8 it will be found that the vertical line 
for the Jominy depth of 6 sixteenths of an inch intersects the horizontal 
line for a diameter of 3.0 in. at a point just above the curved line H = 1.0. 
A 3.0-in. diameter bar would, therefore, be expected fully to harden to 
a depth of 0.3 in. below the surface and would have a Rockwell C hard- 
ness of 55.8 at that depth when quenched with a severity H= 1.1. The 
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center of this 3-in. diameter bar quenched with a severity of H=L1 
would be equivalent, according to Fig. 4.14, to a Jominy depth of lU 
sixteenths of an inch and, according to Fig. 4.13, should have a hardness 
of 51.0 Rockwell C. 

In order to estimate the cross-sectional hardness of a 4.0-in. diameter 
bar of the SAE 4140 steel when quenched with a severity H = 1.0, Figs. 
4.14 to 4.24 are used. The hardness at the center of the bar is deter- 



Fio. 4.19, Location on end-quenched Jominy hardenability sjH^cimen cor- 
responding to 60 per cent from the center of round bars. {Larnmit.)^ 


mined by reference to Fig. 4.14 for a fractional depth of r/i? = 0, in 
which a diameter of 4 in. and a severity of quench of H = 1.0 indicate a 
Jominy depth of about 18 sixteenths of an inch. At this distance on 
the Jominy hardness curve in Fig. 4.13 the hardness is 42.8 Rockwell C 
and is considered to be the center hardness. At a fractional depth of 
r//?=0.1, or at a distance (r = 2.0X0.1) 0.20 in. from the center of the 
bar, according to Fig. 4.15, a diameter of 4.0 in. and a severity of quench 
H = 1.0 are equivalent to a Jominy depth of 17 sixteenths of an inch. 
At this distance on the Jominy hardness curve the hardness is 43.2 
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Fig. 4.20. Location on end-quenched Jominy hardenability specimen cor- 
responding to 60 per cent from the center of round bars. {Lamoni,)^ 


Rockwell C, SO that at a distance of 0.20 in. from the center of the bar 
a hardness of 43.2 Rockwell C would be expected. Hardness values 
for the other locations in the bar are determined in the same manner 
from Figs. 4.16 to 4.24; the cross-sectional hardness gradient is as 
follows: 


Fractional depths 

Distance from 

Rockwell C 

r/R 

center f in. 

hardness 

0.0 (center) 

0.0 

42.8 

0.1 

0.2 

43.2 

0.2 

0.4 

43.8 

0.3 

0.6 

44.2 

0.4 

0.8 

45.0 

0.5 (midway) 

1.0 

46.0 

0.6 

1.2 

48.5 

0.7 

1.4 

51.8 

0.8 

1.6 

54.5 

0.9 

1.8 

55.8 

1.0 (surface) 

2.0 

56.6 
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Caution should be used in applying these calculations too rigidly to 
small bars and to the surfaces of very large bars, as experience has shown 
that the actual hardness may be somewhat higher than calculated. 

4.10. Application of the Severity of Quench from the Jominy Test to 
Squares, Flats, and Plates 

The relation of Jominy hardenability to the center of square bars, 
1 to 2 flats, and plates is shown in Figs. 4.25, 4.26, and 4.27. With these 



Fia. 4.21. Location on end-quenched Jominy hardenability specimen cor- 
responding to 70 per cent from the center of round bars. (Lamont.)^ 

diagrams it is possible to estimate the degree of hardening to be expected 
at the center of these shapes when hardened with quenching severities 
of H= 00, H=1.0 (still water), and H=0.35 (still oil). The charts are 
used in the same manner as Fig. 4.14 for the center of round bars. 
Although the relations are not given in the same degree of completeness 
as in the charts for round bars, an approximation sufficient to estimate 
the extent of hardening may be gained from these diagrams. 

A comparison for the center of square bars, 1 to 2 flat bars, plates, 
and round bars hardened with quenching severities of H= 00, H==1.0, 
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and H = 0.35 is shown in Figs. 4.28, 4.29, and 4.30. With these diagrams 
it is possible to estimate the size of bar that will harden at the center 
to the same degree as one of another shape of known size when quenched 
with one of the illustrated quenching severities. For instance, if a 
4.0-in. round bar will harden to 45 Rockwell C at the center when 
quenched with a severity of H = 0.35, then, according to Fig. 4.30, a 


Severity of quench. /f 



Oisiwnce from wcitcr-coolcel end, in. 

Fig. 4.22. Location on end-quenched Jominy hardenability specimen cor- 
responding to 80 per cent from the center of round bars. {Lamont.)^ 

3f-in. square, a 1 to 2 flat bar 2H in. thick by 5A in. wide, or a plate 
2| in. thick will also harden to 45 Rockwell C at the center when 
quenched in a similar manner. It will be noted in the diagrams that 
the ratio relation between different shapes changes with the severity of 
quench, so that it cannot be assumed that there is a fixed ratio between 
two shapes unless the quenching severity is the same. 

4.11. Stimmary 

By means of simplifying assumptions it has been possible to evaluate 
the severity of quench and the effects of mass in the heat treatment of 
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engineering steels. The errors inherent in these calculations are suffi- 
ciently serious so that the calculations may be misleading in extreme 
cases, but in general the calculations are at least as accurate as some of 
the other factors involved in hardening steel. Furthermore, since so 
many of the values used in calculation are determined empirically, such 
as the severity of quench of a given coolant under given conditions or 
the effect of mass in an irregular section, the errors are not so significant 


Sever dy of quench, 
2.01.5 1.0 0.1 0.5 



V2 1 IV? 2 

Distance from water-cooled end, in . 

Fig. 4.23. Location on end-quenched Jominy hardenability specimen cor- 
responding to 90 per cent from the center of round bars. {Lamont.)^ 


as might be expected. Thus, although much more study must be given 
to the problem, the deficiencies should not obscure the fact that the 
rough estimation of cooling rate is a very useful tool, the importance of 
which should not be underestimated. 

In using the methods outlined in this chapter to determine the rela- 
tions between cooling rate, severity of quench, and bar size — which are 
based primarily on calculated values — the limitations of the methods, 
which have been emphasized, should be kept clearly in mind. For 
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Severity of quench,^ 



Distance from water-cooled end jn. 


Fig. 4.24. Location on end-quenched Jominy hardenability specimen cor- 
responding to the surface of round bars. {Lament.)^ 



Fig. 4.25. Location on end-quenched Jominy hardenability specimen cor- 
responding to the center of square bars. (Lamant.)^ 
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Fig. 4.26. 
responding to 


Location on end-quenched 
the center of 1 to 2 flat bars. 


Jominy hardenability 
(Lamont.)^ 


specimen 


cor- 



Fig. 4.27. Location of end-quenched Jominy hardenability specimen correspond- 
ing to the center of plates. (Lamoni.)^ 
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Fig. 4.28. Relation of round-bar dianneter to the bar or plate thickness for an 
ideal quench (H= oo), {Lamorit.)^ 
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Fig. 4.29. Relation of round-bar diameter to bar or plate thickness for quench- 
ing in still water (H = 1.0). (Lamont.)^ 
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example, the cooling rate within J in. of the water-cooled end of a Jominy 
specimen is usually faster than indicated so that the accuracy of the 
charts given in Figs. 4.14 to 4.20 is questionable for very small sections 
and near the surface of larger sections. There has been some evidence 
that the effective H value for constant quenching conditions is higher 
in very small sections and is changed somewhat when there is scale on 
the bars or when the coefficient of thermal diffusivity is appreciably 



Round-bor diameter, in. 

Fio 4.30. Relation of round-bar diameter to bar or plate thickne.ss for quenching 
in still oil (H =0.3.1). 

affected by alloy content. It is also considered doubtful whether it is 
practically possible to produce the very thin hardened skin that is 
theoretically possible in shallow-hardening steels. The effects of strain 
on austenite transformation are not taken into consideration. Although 
the applicability of the calculations must be qualified in the case of small 
sections, they have proved to be generally suitable for estimation of the 
relation between cooling rate, severity of quench, and bar size with a 
useful order of accuracy. 



CHAPTER 5 


HARDNESS AND 
HARDENABILITY 


One of the inherent 

characteristics of steel that has been treated so that the structure is 
almost entirely martensitic is that the treatment used — namely, cooling 
very rapidly from a red heat to room temperature — almost invariably 
causes undesirable internal stresses accompanied by brittleness and 
occasionally distortion, as well as the desired high hardness. To 
relieve these stresses and to eliminate this brittleness it is necessary to 
temper the quenched material, which, at the same time, lowers the 
strength and the hardness. 

It is evident from the foregoing that the hardness (and strength) of the 
quenched section must be high enough to permit adequate tempering 
to relieve internal stresses and eliminate brittleness without softening 
below the desired strength and hardness levels. 

It is a generally accepted theorem in the present-day metallurgy of 
the solid state that the most satisfactory combination of mechanical 
properties in a quenched and tempered carbon or low-alloy steel depends 
upon securing an essentially martensitic structure throughout the cross 
section; and for a large number of steels, and for sizes larger than a 
small tool or a razor blade, it depends on the hardenability of the steel 
whether this structure can be obtained. 

The two most vital factors in securing the best combination of 
mechanical properties in engineering steels are, therefore, hardness and 
hardenability— which are the subject of the discussion in this chapter. 
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S.l. Relation of Hardness to Structure 

Unalloyed carbon steel is essentially an aggregate of iron carbide 
(cementite) in a matrix of relatively soft ferrite and, as brought out in 
Chapter 9, the properties of a steel depend primarily on the composi- 
tion, size, and distribution of the carbides in the matrix. Alloying 
elements, when added to carbon steel, may affect the hardness and 
strength of the ferrite, they may form carbides and, as discussed earlier, 
they usually affect the temperature where austenite transforms to 
pearlite, and they change the composition of the eutectoid. In addition, 
the commonly used alloying elements (except cobalt) tend to increase 
the hardenability — some strongly, some weakly. 


Table 5.1. Principal Effects of Alloying Elements on Medium- and High- 
Carbon Steels* 


Alloying 

element 

Effect in 
strengthening 
ferrite 

Effect in 
forming 
carbides 

Effect on 
transformation 
temperature 

Effect on 
hardenability 

Manganese 

Strong 

Weak 

Lowers 

Strong 

Silicon 

Strong 

None 

liaises 

Moderate 

Phosphorus 

Strong 

None 

Raises 

Moderate 

Nickel 

Moderate 

None 

Lowers 

Moderate 

Chromium 

Weak 

Moderate 

t 

Strong 

Copper 

Moderate 

None 

Lowers 

Weak 

Molybdenum 

Strong 

Strong 

Raises 

Strong 

Vanadium 

Weak 

Strong 

Raises 

Mildt 

Tungsten 

Moderate 

Strong 

Raises 

Moderate 


^Adaptation of classification by Bain,‘* modified subsequently by Bain^* and 
Austin.^* 

t Raises or lowers depending on carbon content. 

X May be strong if completely dissolved in austenite. 


The effect of the common alloying elements on most of these char- 
acteristics is summarized in Table 5.1, and an approximate estimate of 
their effect on the strength of ferrite is shown in Fig. 5.1. Data 
obtained recently by Austin'^ indicate that small amounts of manganese 
and molybdenum have a slightly greater effect, and small percentages of 
chromium have a slightly smaller effect, than those shown in Fig. 5.1. 

Briefly, the effect of heat treatment is to change the size and distri- 
bution of the carbide particles, and the effect of alloying elements is to 
change the properties of the ferrite matrix, in some cases to change the 
composition of the carbides, and, most important, to affect the 
hardenability — the rate at which austenite transforms at subcritical 
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temperatures. The high hardness of steel is due primarily to the 
obstruction offered by the carbide particles to the ease with which the 
soft ferrite flows under stress. This has been shown by the work of 
Gensamer, Pearsall, Pellini, and Low,^^ who evaluated the effect of 
carbides in terms of the average distance in which the ferrite was free 
to slip without interference between carbide particles. Hardness was 
found to increase as the ^^mean ferrite path^' became smaller. These 
tests were made on steels in which the carbides were large enough to be 
identified and counted microscopically, but extrapolation of the data 



Fig. 5.1. Effect of the common alloying elements, when dissolved in iron, on 
the strength of ferrite. (Lacy and Gensamer, according to Comstock and, Urban.y^ 

to molecular-size carbide particles indicated that the calculated tensile 
strength was consistent with the hardness in fully hardened steel. 

In the temperature ranges of (isothermal) pearlite and bainite forma- 
tion, the carbide particles become smaller as the transformation tem- 
perature is lowered. Correspondingly the hardness is increased by 
transformation at lower temperatures. Hardness values that were 
obtained in several low-alloy steels transformed at various temperatures 
are shown in Fig. 5.2. The scatter that is evident in steels transformed 
at 900 to 1100®F. (480 to 595°C.) is due to the change, in this temperature 
range, from a structure that is mostly lamellar to one that is predomi- 
nantly acicular. Davenport^^ calls attention to the fact that the greatest 
irregularity is evident in steels containing the strongly carbide-forming 
alloying elements; for example, steels 5140, 6140, and 4140. 
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5.2. Maximum Hardness Attained by Quenching 

Maximum hardness is attained in steels containing considerable car- 
bon only if they transform completely to martensite in quenching. The 
high hardness is supposedly associated with distortion of the cubic 
(ferrite) lattice by interstitial carbon atoms so that the lattice assumes 
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Fio. 5.2. Rockwell C hardness of several SAE steels transformed isothermally. 
{Davenport. 


the tetragonal shape characteristic of freshly formed martensite. How- 
ever, equal or even slightly higher hardness may be obtained when by 
tempering at very low temperatures the martensite is just decomposed 
to cubic ferrite and possibly molecular-sized carbide particles. If the 
effective carbide particle size is at a minimum, then the maximum 
hardness depends on the number of carbides and is proportional to 
carbon content. This has been demonstrated by Burns, Moore, and 
Archer^® and is shown by the upper curve in Fig. 5.3. 

The maximum hardness given by Burns, Moore, and Archer^® repre- 
sents the highest hardness values they observed oh very small specimens 
of carbon and low-alloy steels quenched under favorable conditions. In 
practice, the average maximum hardness level is somewhat lower; 
Sisco, plotting data obtained by Boegehold,^^ showed it as a hatched 
band as in Fig. 5.3; and Crafts and Lamont^^ reported maximum hard- 
ness obtained on Jominy test specimens of more than a thousand heats 
as shown by the band in Fig. 5.4. It will be noted that there is a spread 
of about .=±=4. Rockwell C in the data given in Fig. 5.4; this is due pri- 
marily to errors inherent in Rockwell hardness testing and secondarily 
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Fig. 6.3. Relation bet^^een carbon content and maximum martensitic hardness 
(upper curve); and maximum hardness usually attained (hatched band). (Plotted by 
Sisco baaed on data by Bums^ Moore t and Archer^ and by Boegehold.^) 



Fio. 5.4. Maximum hardness obtained by Jominy test specimens from 1063 
steels. (Crafts and Lamont*)^ 



HARDNESS AND HARDENABILITY 


89 


to segregation, variations in heat treatment, and errors in the deter- 
mination of carbon. 

The level of average maximum hardness (Figs. 5.3 and 5.4) as 
dependent on carbon content is in agreement with the results of other 
tests^® and is appreciably lower 
than the curve given by Burns, 

Moore, and Archer (Fig. 5.3). 

The level of hardness obtained 
from Jominy specimens (Fig. 

5.4) seems to be typical of com- 
mercial heat treatment and 
is recommended for practical 
application. Maximum hard- 
ness has not been investigated 
extensively beyond the range 
of common low-alloy heat- 
treating steels, so that it can- 
not be stated categorically 
that alloys have no effect on 
it; but in the range of alloy 
constructional steels maximum 
hardness may be considered 
to be dependent only on car- 
bon content. 



Fi«. 5.5. Effect of section size on the 
hardness of oil-quenched SAE 6140 steel. 
(Gfossmann,)^ 


5.3. Relation between Hard- 
ness and Hardenability 

There is a definite quench- 
ing speed (the critical cooling 
rate) for each steel that 
produces the maximum as- 
quenched hardness of martensite, and faster rates produce no higher 
hardness. Slower rates permit a certain amount of transformation 
— depending on the location of the nose of the S-curve as shown 
in Fig. 3.16, p. 51 — to take place at elevated temperatures and 
the hardness is less than the maximum. If the cooling rate is 
sufficiently high at the center of a section, maximum hardness will 
be obtained over the entire cross section. At slower rates of cooling 
there will be a decrease in the center hardness and thus there will 
be a hardness gradient over the cross section of the bar as illustrated 
in Fig. 4.7 (p. 66) and in Fig. 5.5 showing the hardness distribution in 
SAE 6140 steel after oil quenching bars of graduated sizes. 
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It is apparent from Fig. 5.5 that complete or full hardening was 
obtained in the |-in. section and that the degree of hardening became 
progressively lower as the section size increased, and at progressively 
greater depths below the surface of the larger sections. Comparison 
of Fig. 5.5 with Fig. 5.6 shows the influence of composition and quench- 
ing medium on the degree of hardening. It is evident that the degree 
of hardening is affected by composition, section size, position within the 
section, and quenching medium. 



Fia. 5.6. Effect of section size on the hardness of water-quenched SAE 1045 and 
6140 steels. {Groaamann.)^ 


The degree of hardening that is developed in a steel may be expressed 
as a single hardness at a specific location within a section and may be 
measured as the cooling rate necessary to attain that hardness at the 
specified location. For example, in the SAE 6140 steel, if 55 Rockwell 
C at the center of a section is used to express degree of hardening, oil 
quenching will develop this hardness at the center of a round bar 
between J and 1 in. in diameter (Fig. 5.5), while water quenching will 
produce the same hardness at the center of a round bar between 1 and 1 J 
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in. in diameter (Fig. 5.65). If these sections are considered to be 
critical diameters, it is apparent that the severity of quench and the 
critical diameter define the cooling rate necessary to produce 55 Rockwell 
C at the center of quenched sections of this steel. That is, they measure 
the capacity of a steel to harden to a certain degree, in this case 55 
Rockwell C. 

In the comparison of two steels the maximum hardness is the same 
if the carbon contents are the same, but the degree of hardening in the 
interior of the larger sections may be different. Figure 5.6 shows the 
hardness gradients of water-quenched SAE 1045 steel in comparison 
with SAE 6140. It is evident that the maximum hardness values are 
the same, and it may be assumed that the actual carbon contents are 
very nearly alike. Since the SAE 1045 steel, when quenched in water, 
had a critical diameter of less than \ in. it is apparent that for the same 
quenching medium the degree of hardening is greater for the SAE 6140 
steel. It is possible also to develop the same amount of hardening at 
the center of a ^-in. diameter bar in the SAE 6140 steel with a slower 
cooling rate than that necessary for the SAE 1045 steel as indicated by 
Figs. 5.5 and 5.6A. The slower the cooling rate at which a steel 
develops any specific degree of hardening the greater is its capacity to 
harden. As noted in the previous chapter, this susceptibility of a steel 
to overcome the effect of mass is its hardenability. For comparative 
purposes, it may be expressed in terms of any severity of quench and 
of any degree of hardening. In many cases it is desirable to refer to a 
standard condition such as ideal critical diameter representing 50 per 
cent martensite after an infinitely fast quench. 

Obviously, it is advisable to evaluate the hardenability of a steel in 
order to predict its response to heat treatment and to compare it with 
other steels. The method of quenching bars of graduated diameters 
(Fig. 5.6) is laborious and sometimes impracticable so that other test 
methods have been devised. All of these hardenability test methods 
seek to simplify the test procedure by reducing the number of specimens. 
Some interpret the depth of penetration by extrapolation formulas, 
while others are designed to give graduated cooling rates. The most 
popular laboratory test method for engineering steels is the end-quench 
Jominy test devised by Jominy and Boegehold,®^ which is described in 
Chapter 6. 

In order to make hardenability tests useful for more than limited 
application, it is necessary that they are strictly reproducible, and that 
they can be used to evaluate the cooling rates and to develop a correla- 
tion between simple shapes. After this has been done it is possible to 
determine the hardenability of a heat of steel and predict the response 
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to quenching in an article of a given size and shape. For prediction of 
the hardening reaction of another heat of even the same grade of steel 
some knowledge of the effect of composition on hardenability is desirable 
and is necessary for proper control in steelmaking. For this reason a 
number of studies have been made to determine the effect of composition 
on hardenability. These are discussed later in this chapter. 

5.4. Standard Index of Hardenability — Critical Diameter and Ideal 
Critical Diameter 

As emphasized previously,, the capacity of a steel to harden depends 
upon the cooling rate and upon the factors of composition and grain 
size that control transformation at elevated temperatures. For pur- 
poses of comparing the capacity to harden of one steel with that of 
another steel, cooling rate, composition, and grain size have to be con- 
sidered in relation to the microstructure resulting from the transforma- 
tion of austenite. A convenient index by which to compare different 
steels is the cooling rate required to give a specific structure in a given 
steel. Grossmann, Asimow, and Urban®® used structures with 50 per 
cent martensite as a reference point and in addition referred this struc- 
ture to the section in which it could be obtained with an infinite severity 
of quench, so that a standardized expression of capacity to harden was 
established. 

The selection of a specific microstructure for evaluation of critical 
cooling rates implies that the selected structure has special utility or 
that other useful structures can be related to it. Thus, a structure con- 
taining 100 per cent martensite is much more desirable as it is important 
to know the minimum cooling rate for complete hardening. It has, 
consequently, been used by many investigators, but it must be deter- 
mined by careful microscopic examination and it is so influenced by 
microsegregation that it is frequently difficult to measure it accurately. 
Grossmann, Asimow, and Urban®® used 50 per cent martensite as a 
reference structure because in high-carbon steels it can be measured 
accurately by macroscopic examination of etched cross sections (see 
Fig. 4.7, p. 66) or by hardness tests. This method is subject to the 
valid criticism that the non-martensitic constituents may be different 
in different steels; i.e., they may consist of proeutectoid ferrite or car- 
bide and pearlite or bainite or a mixture of these constitutents. 

In this method of rating, microstructures containing more than 60 
per cent martensite are considered to be hardened, while those containing 
less than 50 per cent martensite are unhardened. The critical diameter 
iP) is the largest size of cylindrical bar that contains no unhardened 
core after quenching, that is, the structure at the center contains exactly 
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60 per cent martensite. The critical size can be determined by quench- 
ing rounds of various sizes and macroetching the cross sections after 
polishing. The unhardened core will appear dark, while the hardened 
surface will appear white, as shown in Fig. 4.7. The fourth bar from 
the lower left in this figure is the largest bar of this series in which the 
unhardened core is just absent and is the critical size. 



Fig. 5.7. Critical diameter determined from the center hardness of a series of 
quenched round bars. {Grossmanuj Asimow, and Urban. 


The critical size can also be estimated from transverse hardness tests 
made on the cross section of quenched bars, by plotting the center 
hardness of the series of quenched bars against the diameter as shown 
in Fig. 5.7. The size of bar indicated at the point on the hardness 
curve at which the hardness is changing most rapidly, that is, the inflec- 
tion point of the curve, is taken as the critical size. In Fig. 5.7, for 
instance, the critical size would be estimated as 1.05 in. in diameter. 

In some low- and medium-carbon alloy steels the secondary consti- 
tuent is bainite, which makes it difficult to distinguish macroscopically 
between the hardened and unhardened portions of the bar. In tests 
on these steels the estimation of critical size from the results of a 
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Fig. 5.8. Relation between critical diameter (D), severity of quench, and ideal critical diameter (Di) for 

small bars. {Grossmanriy Asimow, and Urban.)^ 
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microscopic survey is preferable, but Grossmann®® has given an approxi- 
mate relation between carbon and 50 per cent martensite hardness that 
has been further elaborated by Field^® as described in a later section. 

5.5. Determination of Ideal Critical Diameter 

Although the critical diameter (D) as a measure of hardenability 
effectively indicates the degree of hardening to be expected in a given 
steel and is useful in comparing the hardening characteristics of various 
steels, its applicability is limited to the quenching conditions under 



which the tests are made. As noted briefly in Section 4.6, Grostoann, 
Asimow, and Urban®® suggested a universally applicable standard quench 
in which the surface of a bar is assumed to be cooled instantaneously 
to the temperature of the bath and maintained at that temperature 
during the cooling treatment. This ideal quench represents the fastest 
conceivable cooling with a severity of H equal to infinity. Since this 
is the fastest possible quench, the critical size indicated for such a 
quench would be the largest critical size that might be imagined for 
steel of a given hardenability and, therefore, gives a useful index for 
comparing different hardenabilities. Hardenability may then be 
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bar by determining metallographically the distance from the water- 
quenched end of the bar at which a 50 per cent martensitic structure is 
obtained and referring to Fig. 4.14, which shows the relation between 
Jominy distance and ideal critical diameter. If the 50 per cent mar- 
tensite structure occurs at a distance of 11 sixteenths of an inch from the 
water-quenched end of a Jominy specimen of this particular steel, the 



Fig. 5 . 12 . Relation between ideal critical diameter and bar sizes that will con- 
tain more than 50 per cent martensite. {Hodge and Orehoski.y* 

indicated ideal critical diameter will be 3.60 in. The approximate ideal 
critical diameter may also be estimated in the same way from the 
critical hardness by determining the depth at which the critical hardness 
occurs on the Jominy hardness curve. 

5.6. Percentage of Martensite from Ideal Critical Diameter 

From the ideal critical diameter, which represents the size of bar that 
will harden at the center to 50 per cent martensite when quenched at 
an infinitely fast rate (H= x), it is possible to estimate the diameter 
of bar that will harden to structures containing between 50 and 99.9 
per cent martensite through the relation shown by Hodge and Orehoski^^ 
in Fig. 5.12. 





HARDNESS AND HARDEN ABILITY 


99 


If, for example, it is determined from experimental data that the ideal 
critical diameter of a steel is equal to 3.60 in., the intersection of a 
vertical line representing a Di of 3.60 in. (in Fig. 5.12) with the 99.9 
per cent martensite line indicates that a bar about 1.8 in. in diameter 
will harden fully at the center (99.9 per cent martensite) when quenched 
with a severity of H = oo . 

If the diameter of 1.8 in. representing that of the fully hardened bar 
is considered to be the ideal diameter for 99.9 per cent martensite (not 
the ideal critical diameter), the size of bar that will harden to a similar 
degree when quenched with any specific quench may be determined 
from Fig. 5.8. If a quenching severity of H=0.50 is used, a bar about 
0.72 in. in diameter will harden fully at the center. 

5.7. Ideal Critical Diameter from Chemical Composition 

There is no doubt that the Jominy end-quench test described in the 
next chapter gives a rapid and readily reproducible evaluation of hard- 
enability; but occasions arise in the production and selection of heat- 
treatable steels when it is desirable to know the hardenability of a steel 
or the relative response of two or more steels without resorting to such 
a test, and a large amount of effort has been expended in attempting 
to devise a method whereby hardenability could be estimated from 
chemical composition. 

Such a procedure is, however, subject to a number of variables some 
of which are controlled with difficulty, and it is based on a number of 
assumptions some of which are of doubtful validity. These are dis- 
cussed in the sections that follow. In general, therefore, calculated 
hardenability should be used only with a full awareness of its short- 
comings. 

The qualitative and quantitative effects of alloying elements on 
hardenability have been investigated, and numerical values have been 
assigned to each one of them in methods developed by Herty, McBride, 
and Hollenback,^2 Burns, Moore, and Archer,^® and Burns and Riegel.*® 
In general, however, the applications of these methods were restricted 
to specific conditions, and a more generally applicable formula for 
calculating hardenability from chemical composition was developed by 
Grossmann,®® which has made possible the specification and manu- 
facture of steels of controlled hardenability. 

Grossmann calculated hardenability in terms of ideal critical diameter. 
He assumed and confirmed that the hardening of steel is primarily a 
reaction between iron and carbon in an iron-carbon alloy, and that the 
alloying elements essentially affect only the rate of the reaction. The 
effects of the individual alloying elements were found to be independent 
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of carbon, grain size, and each other, so that one element increases the 
ideal critical diameter in one steel in the same manner as in another 
steel of otherwise entirely different composition. The calculation is 
based on the criterion of 50 per cent martensite and it is assumed that it 
is unaffected by the other 50 per cent of non-martensitic material, 
regardless of whether it is ferrite, pearlite, or bainite, or a mixture of 
these constituents. The calculation also assumes that the steel was 
completely austenitized prior to quenching. Subsequent work by others 
has confirmed the general usefulness of the method, but some disagree- 
ment has arisen over the values to be assigned to the factors. Those 
given in the next section were chosen by Boyd and FiekP as a fairly 
reasonable approximation. 

5.8. Grossmann’s Method of Calculating Hardenability 

Grossmann’s method consists of multiplying the ideal critical diameter 
appropriate for the carbon content of the ‘^pure’’ iron-carbon alloy, as 
indicated in Fig. 5.13, by factors proportional to and characteristic of 
all the alloying elements present in the steel. The effect of grain size 
should be applied to the ideal critical diameter of the ^^pure’^ iron-carbon 
alloy as in Fig. 5.13. The multiplying factors of the individual alloying 
elements may be represented by straight or curved lines as indicated 
in Fig. 5.14. 

All of the elements, except gases, must be considered, even though 
they are present only as residual amounts that would not ordinarily be 
determined by chemical analysis. Excepted are sulphur and phos- 
phorus when present in the small amounts that occur in basic open- 
hearth or electric-furnace steel made by the usual practice, and factors 
are not given for them in Fig. 5.14. Phosphorus increases and sulphur 
decreases hardenability slightly and, if less than 0.03 or 0.04 per cent 
of both is present, the effects cancel each other out. 

Because the factors are multiplied together, the first increments of 
alloying elements have a greater percentage effect on ideal critical 
diameter than similar increments at higher levels of alloy content. It 
has been inferred from this that small amounts of a number of alloys, 
such as in the low-alloy triple-alloy steels, promote hardenability more 
efficiently than a large amount of a single alloy. 

In calculating hardenability by the Grossmann method the normally 
expected error is within abqut 15 per cent. However, some complex 
steels develop significantly less hardenability than is indicated by the 
calculation. The deficiency in hardenability is most noticeable in 
steels containing both chromium and molybdenum. The discrepancy 
in chromium-molybdenum steels seems to become worse as the alloy 
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content is increased or as the carbon content is lowered. Silicon and, 
to some extent, nickel also appear to aggravate the condition. In 
standard steels such as SAE 4100 and the triple-alloy types the actual 
ideal critical diameter is seldom less than 60 or 80 per cent of the cal- 



Coirbon, per cent 

Fig. 5.13. Relation between ideal diameter (/>/), carbon content, and grain size. 
(Boyd and Field after Grossmann.^) 

culated ideal critical diameter, but in unstandard high-alloy composi- 
tions hardenability as low as 15 per cent of the calculated ideal critical 
diameter has been observed. The degree of the discrepancy in standard 
steels is illustrated by Fig. 5.15. 

The reasons for this behavior are not entirely obvious. For one thing 
the individual multiplying factors were largely based on simple steels 
in which the element being studied was the primary constituent. The 
factors were studied within a whole pattern of compositions only in the 
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Fig. 5.14. Multiplying factors for the five common alloying elements. (Boyd 
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Fig. 5.15. Discrepancy between actual and calculated ideal critical diameters of 
chromium-molybdenum steels. (Hodge and Orehoski.y^ 

carbon-manganese-silicon-aluminum steels investigated by Crafts and 
Lamont,®*^ and in that case the factors were not influenced by the other 
elements present. Grossmann, with specific reference to SAE 4150, 
considered that the error resulted from incomplete solution of carbides 
in austenite or from the transformation of austenite that was not 
entirely homogeneous. Hollomon and Jaffe^® proposed that it might 





HARDNESS AND HARDEN ABILITY 


103 


result from the change in the non-martensitic constituents from pearlitic 
to bainitic transformation products and that somewhat different sets of 
naultiplying factors would be necessary both for pearlitic and for 
bainitic steels. 

5.9. Example of Calculated Hardenability 

The general formula for calculating hardenability from chemical 
composition is as follows: 

Di=^DicXMF%MnXMF%^iXMF%m • • etc. 

where Z)/ = the ideal critical diameter, 

D/c = the ideal critical diameter for the carbon percentage and 
grain size from Fig. 5.13, 

MF = the multiplying factor from Fig. 5.14. 

Assume that it is desirable to calculate the ideal critical diameter of 
a triple-alloy steel of the following composition and grain size: 


Component 

% 

Component 

% 

C 

0.40 

Si 

0.25 

Mn 

0.90 

Ni 

0.55 

P 

0.020 

Cr 

0.50 

S 

0.020 

Mo 

0.20 


Actual grain size, No. 8 


The first step is to determine the Djc for 0.40 per cent carbon and No. 8 
grain size from Fig. 5.13. In this case. Die is 0.198 in. The multi- 
plying factor for manganese is determined from Fig. 5.14, in which the 
numerical value for the multiplying factor is read on the ordinate.. As 
the manganese content of the steel is 0.90 per cent, the multiplying 
factor is 4.0. In a similar manner the values for the multiplying factors 
of the other elements are determined, and substituted in the formula as 
follows: 


Die Mn P S Si Ni Cr Mo 
i)f=(0.198)(4.0)(1.04)(0.98)(1.13)(1.21)(2.09)(1.60)=3.68 

The ideal critical diameter of the steel is, therefore, calculated to be 
3.68 in. 

A comparison of the multiplying factors as given in Fig. 5.14 affords 
an estimate of the relative effectiveness of the five common alloying 
elements in increasing hardenability. Manganese is the most powerful, 
with molybdenum, at least in amounts of 0.50 per cent or less, a close 
second. Chromium is also effective in promoting deep hardening; 
silicon and nickel have much less effect. 
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5.10. The Accuracy of Calculated Hardenability 

The validity of the Grossmann method and the accuracy of the 
multiplying factors have been studied critically by a number of workers 
in the field.^?* Some of these have used the microscopic examina- 
tion of the structure, but most of the work has been done by estimating 
50 per cent martensite from hardness on the basis of the data given in 
Fig. 5.16. However, the hardness of 50 per cent martensite varies with 



Fig. 5.16. Effect of carbon on the hardness of 50 per cent martensite. (Solid 
line for plain carbon steel; hatched portion for low - and medium-alloy steels.) {Groas- 
mann.)^ 


alloy content in steels of the same carbon content, and because of the 
interrelated effects of alloying elements on non-martensitic structure it 
is difficult to evaluate their effect with respect to the 50 per cent mar- 
tensite criterion. This variation in hardness of structures containing 
50 per cent martensite has led to some discrepancies in determining 
multiplying factors. 

A recent study by Kramer, Siegel, and Brooks®^ indicated that some 
of the inconsistencies could be corrected by use of a different carbon 
base after a correction has been made for deoxidation treatment. The 
multiplying factors did not appear to be simple, straight lines, and the 
principle that the first increment of alloy is most effective was ques- 
tioned. Although this study tended to confirm the principle of the 






HARDNESS AND HARDEN ABILITY 105 

Grossmann method, it emphasized that more work is required to develop 
accurate factors. 

Grossmann^s factors with a few modifications have been used for 
the past four or five years for the prediction of hardenability with good 
results except in the case of low-carbon steels and a few special low-alloy 
materials. The factors that have been accepted by the American 
Iron and Steel Institute^'* are Grossmann’s iron-carbon/grain-size base 
and the multiplying factors that have appeared most reasonable in 
tests on many steels as reported in the literature (Fig. 5.14). In general, 
the calculation has been found to be reliable and useful for the design 
and selection of many low-alloy steels as well as for the control of com- 
position in manufacturing steels of specified hardenability. 


Table 5.2. Comparison of the Mechanical Properties of Steels after Full 
Hardening and after Partial Hardening 


ClasH of 
Bteel 

Diameter 
of bar, 
in. 

Martensite 
at center of 
quenched 
bar, 

per cent 

Tensile 
strength. 
Ib./sq. in. 

Yield 
strength, 
Ib./sq. in. 

Yield 
point 
(drop of 
beam) , 
Ib./sq. in. 

Elonga- 

tion, 

per 

cent 

Reduc- 
tion of 
area, 
per 
cent 

Izod 

impact, 

ft-lb. 

SAE 1040 

0.40 

100 

148,100 

132,200 
118,600 j 

138,100 

18.6 

63.9 

61.8* 


0.49 

66 

148,300 

124,100 

16.1 

56.9 


SAK 1340 

0.40 

100 

147,200 

136,300 

136,300 

20.0 

55.6 

54.3* 


1.25 

30 

145,000 

115,500 

121,000 

15.0 

48.1 

30.0 

.SAE 8640 

0.56 

100 

147,000 

142,500 

142,500 

21.0 

61.8 

63.5 


1.625 

40 

148,750 

123,000 

125,500 

18.0 

56.2 

40.0 

SAE 4340 

0.53 

100 

146,500 1 

136,000 

136,000 

20.5 

62.6 

60.8 


1.00 

100 

147,500 

132,500 

133,000 

20.0 

61.8 

62.0 


5.0 (sq.) 

50 

148,^00 

122,000 

126,500 

16.5 

46.0 

29.8 


♦Quenched as 0.394-in. squares 


5.11. Relation between Quenched Structure and Mechanical Prop- 
erties 

The criterion of 50 per cent martensite used as an index of hardenability 
has no special significance with respect to useful service properties. In 
applications requiring optimum mechanical properties the section 
should be fully quenched to a virtually 100 per cent martensitic struc- 
ture. This has been shown by several investigators^^* and is 

illustrated in Table 5.2, which lists mechanical properties of fully 
hardened steels and of the same steels when partially hardened. 

Some important engineering applications for carbon and low-alloy 
steels require full hardening and maximum properties only at the surface. 
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The gradient of hardness, or percentage of martensite, is particularly 
critical in shallow-hardening steels that are subjected to bending or 
torsional loading, such as automobile rear axles and springs. In this 
case the maximum stress is at the surface, and the best possible combina- 
tion of properties is necessary at that point. In such parts service 
stresses decrease rapidly beneath the surface and the need of optimum 
properties throughout the section is open to question. If such parts are 
made of shallow-hardening steel, such as SAE 1045 illustrated in Fig. 
5.6A, the surface is made martensitic in drastic quenching while the 



Fig. 5.17. Effect of boron on the hardness gradient of steels having the same 
ideal critical diameter. The curves are for Jominy tests on aluminum-treated 0.40 
per cent carbon, 1.75 per cent manganese steel and boron- treated 0.40 per cent carbon, 
1.15 per cent manganese steel. 


interior transforms at a relatively high temperature. Thus the expan- 
sion resulting from transformation of austenite takes place at a high 
temperature in the core, whereas at low temperature there is only 
expansion due to martensite formation at the surface. This leaves the 
steel with a compressive stress at the surface that tends to counteract 
the tensile stress imposed in service, and the apparent fatigue limit is 
increased. As it is possible to produce the desired steep hardness 
gradient only with certain compositions and heat-treating conditions, 
information on the degree of hardening at different cooling rates is 
essential. 

The study by Hodge and Orehoski^^* of the martensite gradient 
between 50 and 99.9 per cent martensite indicates that it is possible to 
predict from the ideal critical diameter the gradient of martensite 
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hardening, as shown in Fig. 5.12. The relation has been found to be 
independent of carbon content and individual alloying elements, but it 
does vary somewhat with deoxidation practice. 



Carbon, per cen+ 


Fig. 5.18. Relation of carbon content to the ideal critical diameter in carbon 
steels containing an effective boron addition (0.001 per cent minimum). (Grange 
and Garvey.)^ 

S.12. Effect of Boron on the Hardness Gradient after Quenching 

Fine-grained (aluminum-deoxidized) steels treated with boron have 
a much steeper hardness gradient than those not so treated, as shown in 
Fig. 5.17. Boron was used successfully during World War II as a 
partial substitute for the conventional alloying elements that were in 
short supply. It was found that about 0.001 per cent boron is effective 
in increasing hardenability and that much more than this is not neces- 
sary. Usually about 0.002 per cent is added and, in order to be effective, 
the steel must be subjected to a strong deoxidation treatment. It is 
preferable to add the boron as a dilute alloy with deoxidizers in order to 
obtain uniform distribution through the steel. If added properly, it 
does not impair the rolling properties of the steel. The relation of the 
ideal critical diameter of boron-treated steel to the carbon content is 
shown in Fig. 5.18. 
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It will be noted from Fig. 5.19 that the increase of ideal critical 
diameter (50 per cent martensite) is appreciable, and in addition the 
depth of 100 per cent martensite is increased to an even greater extent. 
Treatment with boron adds almost nothing to the hardness of non- 
martensitic structures, so that for a given ideal critical diameter the 
boron-treated lower alloy steel is usually softer and more machinable 
in the as-rolled or annealed condition than the comparable conventional 



Fig. 5.19. Effect of boron on the relation between the ideal critical diameter for 
50 per cent martensite and that for 100 per cent martensite. 


aluminum-treated higher alloy steels. Boron does not confer resistance 
to tempering. Because of the strong deoxidizers usually employed 
when boron is used and owing to a tendency toward a higher proportion 
of martensite in hardened boron steels, the impact strength is relatively 
high. However, boron reduces the impact strength of unhardened 
steel so that it should be used only if the structure after quenching is 
designed to be predominantly martensitic at least at the surface. 

Treatment with boron has specific value for steels selected and heat 
treated to have a martensitic case and an unhardened core in order to 
obtain a surface compressive strength. In this application the benefit 
to the hardened surface overbalances the low impact strength of the 
lightly stressed core. This is illustrated in Fig. 5.20, which shows the 
relations between ideal critical diameter of the steel, the severity of 
quench, and the bar diameters that can be hardened to a maximum 
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of 50 per cent martensite at the center with a rim of 100 per cent mar- 
tensite of a thickness of at least 20 per cent of the radius of the bar. 
These diagrams are based on Figs. 4.14 and 4.19 (pp. 72 and 75). 
In Fig. 5.20, the section that can be treated effectively for a given 
severity of quench lies in an area above the dotted line for 50 per cent 
martensite and below the solid line for 100 per cent martensite. 



Fig 5.20. Calculated range of bar diameters (above dotted lines and below solid 
lines) that can be hardened to 50 per cent martensite at the center with a rim of 100 
per cent martensite that has a thickness of at least 20 per cent of the radius of the bar. 


Obviously, this effective zone is very small unless the quench is 
drastic and even then the conditions are so rigidly fixed as to restrict 
the use of the treatment to relatively small and uniform sections. 
Boron-treated steel has a very much greater latitude in section and 
severity of quench. Zirconium has an effect on the hardness gradient 
that is similar to that of boron. Vanadium also is used for this purpose 
in some tool steels. 

5.13. Summary 

For purposes of predicting the capacity of a steel to harden in sections 
of practical size the degree to which martensite is formed during quench- 
ing has been evaluated with respect to cooling rate. This property of 
hardenability is measured conveniently by the ideal critical diameter 
representing 50 per cent martensite. A formula for calculating ideal 
critical diameter has made it possible to predict and control harden- 
ability on the basis of composition. In general, the conventional alloy- 
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ing elements behave in a substitutional manner, but deoxidizing and 
grain-refining elements have specific effects. The ideal critical diameter 
(50 per cent martensite) bears a fixed relation to the ideal diameter for 
higher percentages of martensite for any given deoxidation treatment. 
Boron- and zirconium-treated steels have a much steeper hardness or 
martensite gradient than plain aluminum-treated steels and develop 
100 per cent martensite to greater depths for the same degree of 50 per 
cent martensite hardenability. This is of special value where the 
optimum properties of wholly martensitic structures are desired. It 
also facilitates the application of shallow-hardened steels. 



CHAPTER 6 


HARDENABILITY 
TEST METHODS 


I HE PRACTICAL APPLICATION 

of our knowledge of quenching severity and mass effect to the 
response of steel to thermal treatment requires that hardenability be 
measured quickly, easily, and cheaply. The classic research procedures 
of determining cooling rates or martensite gradients in a number of 
sections of various sizes are laborious and require a high order of experi- 
mental aV)ility and many specimens of the material. Practical harden- 
ability tests using a single critical section for a specific application (for 
example, tool steels) have been widely used for many years. In order 
to extend the utility of such tests, specimens of various sizes and shapes, 
and various quenching methods, have been tried so that a broader 
range of cooling rates may be studied. The quenching conditions have 
been standardized, and methods of measuring cooling rates have been 
worked out for some test procedures so that the conditions are repro- 
ducible. Of the standardized hardenability tests the most popular for 
steels of the medium degree of hardenability is the end-quench test 
devised by Jominy and Boegehold.®^ The cooling characteristics of the 
end-quenched specimen • have been calibrated and interpreted with 
respect to uniformly quenched articles. Because the end-quench test 
is easy to reproduce consistently, it has become a standard means of 
determining hardenability and has been instrumental in the rapid 
development of factors necessary for accurate control of hardenability. 

End-quench hardenability tests, as devised by Jominy and Boegehold®^ 
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Fig. 6.1. Jominy test specimens: (A) preferred test specimen; (B) optional speci- 
men; (C) type L specimen; (D) insert-type bar for steel available only in small sizes. 
(SAE Handbook.y^ 

and Jominy, make it possible to determine with a single specimen the 
degree of hardening that can be attained with a wide range of cooling 
rates. As fairly comprehensive data on degree of hardening with 
respect to various cooling rates have been determined for the test, and 
as the data have been correlated with cross section and severity of 
quench, the test is widely used and has been recommended by The Society 
of Automotive Engineers'^ and by The American Society for Testing 
Materials^ as the standard method of measuring hardenability of auto- 
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motive and other engineering steels. It is particularly well adapted to 
low-alloy steels used in sections up to 4 or 5 in. in diameter. The test 
was used extensively during World War II in the development of the 
National Emergency steels (now known as triple-alloy steels) by the 
Technical Committee on Alloy Steels of the American Iron and Steel 
Institute.^’ ^ It was considered that steels that gave similar Jominy 
end-quench hardness curves would have similar properties in quenched 
bars of identical sections, and it was found possible to substitute new 



Fig. 6.2. Jominy test in operation. 


types of alloy steel for types containing greater amounts of strategically 
critical alloys by the use of the Jominy test without the extensive 
laboratory and service testing usually considered necessary before a 
new steel is widely used in important engineering applications. 

6.1. Method of Making Jominy £nd-Quench Hardenability Tests 

In the Jominy test, which is described in readily available publica- 
tions,’' two types of specimens may be used, the standard specimen, 
or the L type for shallow-hardening and carburizing steels. Figure 6.1 
shows the various types of specimens and their dimensions. During 
heating, the end of the specimen, which has been ground, is protected 
from scaling and decarburizing by a neutral atmosphere, by cast-iron 
chips, or by standing the specimen on a graphite block. After heating 
for 30 min. at the proper austenitizing temperature, the specimen is 
rapidly transferred to a fixture, and a column of water controlled as to 
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temperature and volume is directed against the end of the specimen as 
shown in Fig. 6.2. Water at 75=t5°F. (about 25°C.) is directed through 
a J-in. orifice, and the column of the water is adjusted to a height of 2^ 
in. before the sample is placed in the fixture. The specimen, trans- 
ferred as rapidly as possible from the furnace to the quenching fixture, 
is hung so that the end to be quenched is | in. above the orifice, and the 
water is turned on by means of a quick-acting valve. Strong air drafts 
should be avoided. When the specimen has been cooled to room 
temperature two flat surfaces, 180 deg. apart, are ground 0.015 in. deep 

Rale of cooling at ISOO'T, ®F. per sec. 



Fig. 6.3. Jominy end-quenrh curves for carbon and low-alloy steels (•ontaininK 
0.40 per cent carbon. {Jominy. 

along the entire length of the bar. Caution should be exercised during 
the grinding^ operation^ so_ as not to he^,t fhe, bar enough to cause tem- 
pering. Rockwell C measurements are made at iV-in. intervals along 
the center line of the two flats. Jigs that systematize the determination 
of Rockwell C hardness are now commercially available and facilitate 
making accurate measurements. The average hardness readings at a 
given location are plotted against the distance of the readings from the 
water-quenched end, and a smooth curve is drawn through the points. 
Some typical curves are given in Figs. 6.3 and 6.4. 

As the specimen is quenched under controlled conditions, the cooling 
rate, which varies from very rapid to very slow between the water- 
quenched end and the air-cooled end, is considered to be the same at 
identical points in every specimen quenched under these conditions. 
Thus, in one test piece the hardening characteristics and actual hardness 
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are obtained for a range of cooling rates comparable to quenching rates 
in bars up to 4 or 5 in. in diameter. By comparing the Jominy curves 
of various steels, the differences in hardenability are readily apparent. 
For example, it is evident from Figs. 6.3 and 6.4 that SAE steels 1040 
and 1045 are shallow hardening and steels X3140 (1.25 per cent nickel 
and 0.75 per cent chromium) and 4145 are deep hardening; the other 
steels range from relatively shallow to relatively deep hardening in their 
response to quenching. Incidentally, the horizontal dashed lines in 
Figs. 6.3 and 6.4 represent the usual maximum hardness values attained 
by quenching plain carbon steels containing 0.40 and 0.45 per cent 
carbon. 

Rate of cooling at I300®F, °F. per jec. 



Fio. 6.4. Jominy end-quench curves for carbon and low-alloy steels containing 
0.45 per cent carbon. {Jorniny.y'^ 


6.2. Specifying Jominy End-Quench Hardenability 

In describing hardenability it is customary to use a code for hardness 
and the distance from the water-quenched end at which that hardness 
is obtained. Table 6.1 indicates the hardness reference numbers in 
Rockwell C suggested by The Society of Automotive Engineers^^"^ for 
steels of various carbon contents. As an example, an alloy steel of 0.45 
per cent carbon could be specified to have a hardenability of ^50 = 6 
minimum, which means that the steel should have a Rockwell C hard- 
ness of 50 at a minimum distance of 6 sixteenths of an inch from the 
quenched end. If minimum and maximum limits are desired, the 
specified Jominy hardenability might be designated as J5o = 6 to 12 
(sixteenths). The specification can also be written /35/45 = 8> which 
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Table 6.1. Hardness Reference Numbers Designating HardenaV)ility for Steels 
of Various Carbon Contents* 

, Hardness, in Rockwell C 

Carbon range, 

per cent Alloy steels C^arbon steels 

0.08 to 0.17 25 

0.18 to 0.22 30 25 

0.23 to 0.27 35 30 

0.28 to 0.32 40 35 

0.33 to 0.42 45 40 

0.43 to 0.52 ^ 50 45 

0.53 to 0.62 55 50 


* Society of Automotive Kngineei*s.‘^ 


indicates that a Rockwell C liardness in the range 35 to 45 is required 
at a distance of 8 sixteenths from the quenched end. A more detailed 
outline of the methods for specifying hardenal)ility is included in the 
discussion of hardenability bands in the next chapter (Section 7.6). 

The American Society for Testing Materials^ recommends that, in 
reporting end-quench hardenability curves, chemical composition, grain 
size, austenitizing temperature, and quenching temperature be also 
supplied in every case. 

6.3. Relation between Actual Cooling Rates and the End-Quench Test 

•By establishing cooling rates at definite positions in the Jominy speci- 
men it is possible to predict from the test the hardness that is to be 
expected in quenched bars.* In estimating the quenched hardness 
from the Jominy test, it is assumed that identical coohng rates will, 
in a given steel, produce identical hardness values regardless of whether 
that rate is produced in the Jominy specimen or at any point in the 
cross section of a bar. 

The cooling rates at various points along the length of the standard 
Jominy specimen were determined by Jominy and Boegehold®^ and are 
shown in Tables 6.2 and 6.3. It will be noted that the cooling rate at 
1000°F. varies somewhat as the quenching temperature is changed. 
A similar change in cooling rate at a given temperature will occur when 
commercial bars are quenched. 

In order to check the relation between Jominy tests and actual bars 
Jominy®® used the cooling rates at the center of water- and oil-quenched 
bars of various sizes as determined by Scott these are shown m 
Table 6.3. Hardness traverses were made on various steels and the 
center hardness values were compared with those at positions of corre- 
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spending cooling rate on the Jominy bar. The close correlation between 
results is illustrated in Fig. 6.5 showing the Jominy curves of SAE 5145 
and 3145 steels on which have been superimposed the hardness traverses 
of bars oil-quenched in sections between 1 and 4 in. in diameter. The 
close agreement between the two types of test indicates that a fairly 
accurate estimation may be made from the Jominy test of the hardness 
to be expected at the center of quenched bars. 

Table 6.2. Cooling Rates at Various Distances from Water-Quenched End 
of Jominy Test Bar* 


Rate of cooling, deg. F. per sec. 


Distance from 

At 1300°K. 

At 1000°F. 





end, in. 

Uix)n quenching from 


1700°F. 

1700°F. 

1425°F. 

A 

420 

420 

700 

i 



400 

A 

93 

42 

53 

1 

4 



35 

A 

61 

24 


i 



14 

A 

25 

12.5 


3 

4 



9 

a 

12.5 

8.1 


1 



6.8 

1 A 

7.0 

5.0 






4.6 



4,5 

2.7 

2.8 


* Jominy and Boegehold.*' 

Table 6.3. Cooling Rate at Center of Bars of Various Diameters* 


Bar diameter, 
in. 

Rate of cooling at 1330°F., in deg. 
F. per sec., at center of bar 
quenched from 1610°F. 

In still oil 

In still water 

\ 

115 

330 

2 

72 

185 



1 

47 

108 

u 

29 

54 



2 

18 

31 

3 

9.2 

14 

4 

5.5 1 

8.5t 



* Scott. 

t Determined at Research Laboratory Division, General 
Motors Co. 
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Subsequent to the original calibration by Jominy and Boegehold of the 
cooling rate at various distances from the water-quenched end of the 
specimen, Boegehold and Weinman, according to Kopecki,®* redeter- 
mined the rates and found them to be appreciably higher near the 
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Fig. 6 . 5 . Comparison between hardness values at the centiT of rountl bars and 
those of the Jominy test bar at locations where cooling rates correspond to those at 
the center of the appropriate bar sizes. {Jominy.)^ 



Fig. 6.6, Cooling rates along the Jominy test specimen determined originally 
by Jominy and Boegehold**^ and later by Boegehold and Weinman, according to 
Kopecki.®* 


water-quenched end than in the original calibration. A comparison 
of the original determination and the cooling rates determined by 
Boegehold and Weinman is shown in Fig. 6.6 for distances up to \ in. 
from the water-quenched end. 

Since hardening of actual bars represented by points close to the 
water-quenched end of the Jominy bar has not correlated too well with 
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that estimated by use of the original calibration, it is probable that 
closer agreement can V)e attained with the cooling rates determined by 
Boegehold and Weinman. Even with this improvement Manning®^ 
reported some discrepancies between Jominy specimens and quenched 
round bars. 


Cooling rate.deg. F. persftc. I300“F. 



Fig, G.7. Relation between Jominy depth, bar diameter, and various positions 
within the bar for quenching in still water and still oil. {Boegehold^ in SAE Hand- 
book.y^^ 


6.4. Relation between Actual Cooling Rates in Oil and Water and the 
End-Quench Test 

The degree of hardening and the quenched hardness to be expected in 
round bars quenched in still water or oil may be estimated from the 
results of Jominy tests by use of the charts shown in Fig. 6.7. To 
determine the size of bar that will harden completely throughout when 
quenched in still oil, assume that a SAE 6145 steel has a Jominy hardness 
curve like that in Fig. 6.4, which shows a hardness of 56 Rockwell C at 
6 sixteenths of an inch of Jominy depth. By reference to the lower 
chart in Fig. 6.7 it will be seen that complete hardening will occur at the 
center of bars 1.0 in. and less in diameter as indicated by the intersection 
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of the vertical line indicating 6 sixteenths of an inch and the curve for 
the center position of the bar. For quenching in agitated oil it would be 
estimated that progressively larger bars would harden as the rate of 
agitation increases. 

By the same process, the bar size that will harden to a given hardness 
at various positions within the bar may be determined. For example, 

if full hardening to 56 Rock- 
well C is desired at a point 

220 midway between center and 

/ surface, then a bar 1.2 in. 

200 in diameter should give this 

jgQ hardness if quenched in still 

/ oil. 


j ^ 6.5. Relation of the Jom- 

jl40 Severity 

«I 20 of Quench and Crit- 

■g ical Diameter 

1^)00 Grossman n, Asimow, and 

^ QQ JC Urban, in establishing the 

^ J relationship between crit- 

3160 ciiameter, severity of 

^ y quench, ^ and ideaL critical 

X (liamete^ calculated the 

20-—^^ — ^ time j;equired to cool^to a 

Q ^ temper^ure _ midway ,be- 

0 0.5 1.0 1.5 2.0 tween the quenching tern- 

Distance from wotar- quenched end. in. perature and the^empera- 

Fio. 6.8. The time needed tor various of the quenching 

locations on the Jominy test bars to cool to — ... , . 

half-temperature. mechum, which they design- 

ated as ^^half-temperature 
time,^’ to be used instead of cooling rate. ’ In order to make the Jominy 
test applicable to this relation, Asimow, Craig, and Grossmann,^^ in 
cooperation with Jominy, 'determined the half-temperature/time char- 
acteristics for the standard Jominy specimen, and Jominy®® determined 
the same relation for the L-type specimen. * These relations are shown in 
Fig. 6.8. By means of these half-temperature times it is possible to show 
the relation between Jominy depth and ideal diameter as in Fig. 6.9. 

The ideal critical diameter may be estimated directly from this relation 
if the Jominy depth at which 50 per cent martensite occurs is determined 
from microscopic examination of the Jominy specimen. If this is 
estimated at, for example, a depth of 8 sixteenths of an inch, by reference 
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to Fig. 6.9 it will be seen that the ideal critical diameter is equal to 3 in. 
at 8 sixteenths (0.5 in.) on the Jominy specimen. This was the method 
used by Crafts and Lamont^® in estimating ideal critical diameter in their 
determination of multiplying factors for calculating hardenability as 
discussed in the previous chapter. If hardness is used as a reference 
point in estimating ideal critical diameter, the Jominy depth for the 
point of inflection of the Jominy hardness curve, or the Jominy depth 



Distance from water-quenched end, in. 

Fio. 6.9. Relation between ideal diameter and Jominy depth. (AsinwxVy Craig y 
and Grosaxnanny^"^ as modified by Hodge and Orehoski?^) 

for the appropriate hardness, shown in Fig. 5.16 (p. 104) for 
Grosvsmann^s relation between hardness and 50 per cent martensite, is 
referred to the curve in Fig. 6.9 and the ideal critical diameters can be 
read off for the appropriate depths. Such a method of estimating ideal 
critical diameter was used by Crafts and Lamont,^^ Kramer, Hafner, 
and Toleman,®^ Kramer, Siegel, and Brooks, Brophy and Miller,^^ and 
in some cases by Grossmann®® to determine multiplying factors for 
calculating hardenability. The assumption that hardness may be used 
for estimating percentage of martensite is of great practical value, but 
the effect of differences in the non-martensitic constituents is by no 
means negligible and the practice should be used only when the possi- 
bility of error is recognized. 

6.6. Relation of the Jominy Test to Severity of Quench and Center 
Hardness 

In addition to being able to predict ideal^cr^cj^ dimeter, it is 
possible to determine the hardness.to be expected atjthe center of bars^ 



122 


HARDENABILITY AND STEEL SELECTION 


that have been quenched with a known severity by applying the fore- 
going relations to any hardness value instead of only to 50 per cent 
martensite. ‘The Jominy depth for a given hardness may be utilized to 
determine ideal diameter by reference to Fig. 6.9; the diameter of bar 
that will give a certain hardness at the center when cooled with a given 
severity of quench may then be determined from the relation to ideal 
diameter given in Fig. 4.14 (p. 72). ‘This method has only to be manipu- 
lated in the reverse direction to determine the Jominy depth required 
to give a desired center hardness for a known severity of quench. 

The relation between the Jominy test and round bars has been further 
extended by Lamont^® by the use of Russell’s^^^ constants to include 
graduated positions from center to surface as typified by Fig. 4.22 
(p. 78), which shows the relation at 20 per cent of the radius from the 
surface (r//J = 0.8). Similar relations, which are given in Figs. 4.14 to 
4.24 for different positions, make it possible to estimate directly from 
Jominy hardenability data the gradients to be expected in round bars 
if the severity of quench is known. 

This relation provides a simple method for evaluating the severity of 
quench. If, in addition to Jominy hardenability data, the cross- 
sectional hardness is determined on a bar of the same steel, quenched 
under the conditions it is desired to evaluate, the numerical value for 
the severity of quench may be determined on the appropriate chart in 
Figs. 4.14 to 4.24 by the intercept of the bar diameter and the Jominy 
depth at which the reference hardness is located. 

Similar relations have also been established for shapes other than 
round bars. The comparison of Jominy depth and ideal plate size makes 
it possible to apply hardenability data to plates at various quenching 
severities through the relation for ideal plate thickness, severity of 
quench, and plate thickness as given by Asimow and Grossmann^^ and 
shown in Figs. 5.10 and 5.11 (pp. 96 and 97). The hardness to be 
expected at the center of round bars, squares, flats, and plates after 
quenching in still oil or water may be estimated directly from the 
results of Jominy tests by the relations given by Lament and shown in 
Figs. 4.25 to 4.30 (pp. 80 to 83), where the application of the charts is 
described in detail. 

6.7. Advantages and Disadvantages of the Jominy End-Quench Test 

'The Jominy end-quench test can be made rapidly and economically 
and, if ordinary precautions are observed, it is entirely reproducible for 
engineering steels whose hardenability is neither very low nor very high.* 
In other words, ’Jominy test data obtained in one laboratory check 
closely with test data on specimens of the same steel as secured in any 
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other laboratory. What is most important, however, is that the actual 
test is far more accurate for the determination of the response to quench- 
ing than any method of calculated hardenability and should always be 
used when quantitative data are required. 

Another advantage is that* it is suitable for hardenability control 
during the melting and refining of a heat of low-alloy steel. It has 
been shown conclusively that Jominy end-quench curves for a cast steel 
coincide almost exactly with the curves for the same steel as rolled.* 
This means that the hardenability of a heat can be judged from cast 
specimens taken when the heat is being tapped, and the results will be 
known before the ingots are rolled into blooms, slabs, or billets. • 

The determination of cooling rates for various locations on the Jominy 
bar and the accumulation of data on the relation of the end-quench test 
to severity of quench and the size of the section that will harden com- 
pletely under various quenching conditions have greatly increased the 
value and utility of this method of determining hardenability. Despite 
this, however, it has a number of faults. The test covers a wide range 
of cooling rates, but it is relatively inaccurate at the very fast rates 
necessary to form martensite in sections of appreciable size in such 
shallow-hardening materials as carbon steels and some low-alloy car- 
burizing steels. • Furthermore, the test cannot be used where the cooling 
rates necessary to produce complete hardening are low — the minimum 
is about 5°F. (3°C.) per sec. — so that it is not applicable to the air- 
hardening alloy steels. 

Because of the limitations of the Jominy test, other methods have 
been worked out for certain classes of steel. Some of these are used 
for shallow-hardening materials as, for example, the methods devised 
by Burns, Moore, and Archer,^® Shepherd, Post, Greene, and 

Fenstermacher,^^^ and McMullan.^®® A method for determining the 
hardenability of very deep hardening steels of the air-hardening variety 
was devised by Post, Fetzer, and Fenstermacher.^*^ Several of these 
methods have been correlated with Grossmann^s ideal critical diameter 
and, therefore, may be related readily to quenched bars and have 
greater applicability than others. However, each method has its own 
advantages and disadvantages, so that the choice of a method depends 
upon its suitability to the application and the amount of testing to be 
done. 


6.8. Special Hardenability Tests for Shallow-Hardening Steels 

Much work has been done in an effort to devise a generally acceptable 
test for determining hardenability of shallow-hardening steels, but so 
*This is discussed in some detail by Sisco.*** 
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far no universally satisfactory method has been developed. The L 
specimen pictured in Fig. 6.1 is a partial solution to the problem of 
comparing the response of these steels to quenching, and has been 
widely used, but specimens are not easy to prepare and there are other 
disadvantages such as non-uniform heat conduction, tendency of the 
specimen to crack in quenching when used for high-carbon steels, and 
others, which have been responsible for the effort to develop a better test. 

One of the earliest tests for use on shallow-hardening materials and 
especially on unalloyed steels containing 0.30 to 0.60 per cent carbon is 
the Rockwell-Inch or SAC (surface hardness/area under the hardenability 
curve/center hardness) test, which was devised more than 10 years ago 
by Burns, Moore, and Archer.^® The specimen, described by these 
investigators and in the Metals Handbook,^ is a bar 4 to 6 in. long and 
1 in. in diameter that is machined from a forged section about 10 in. 
long and at least I J in. in diameter. 

The specimen, previously normalized, is austenitized at the proper 
temperature — usuaUy 1550°F. (845°C.) — and quenched in agitated 
cold water. The hardened and untempered bar is cut transversely, and 
the cut surface is ground smooth, lightly polished, and usually etched 
to show the depth of hardening. Rockwell hardness tests are made on 
the surface of the bar, and at the center, and a series of seven measure- 
ments is made uniformly from center to surface. Another series of 
tests is made across the radius at an angle of 90 degrees to the first 
series. 

One half of the hardness value at the surface and one half of the value 
at the center are added to the seven intermediate values and the total 
is divided by eight. This is the Rockwell-Inch value and represents 
the area under the transverse hardenability curve. Values for steels 
containing 0.30 to 0.60 per cent carbon range from 32 to 60 depending 
on the carbon content and the hardenability. The method is accurate 
(to about =ti Rockwell-Inch) when values are obtained on the same 
bar, but the accuracy may be much less in comparing commercial heats 
of practically identical composition if residuals or other factors have an 
appreciable effect on hardness and hardenability. 

The Rockwell-Inch test is used by a considerable number of steel 
producers and consumers and is now being considered as a recom- 
mended practice by the Iron and Steel Technical Committee of The 
Society of Automotive Engineers. 

A proposal was made a few years ago by McMullan^®^ that the end- 
quench method \)e applied to wedge-shaped specimens for carburizing 
and shallow-hardening steels, with the quench being applied to one 
surface and hardness determinations being taken on the opposite side 
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of the wedge. It is claimed that the method permits more readings to 
be taken and that consequently fewer errors result from inaccuracy of 
spacing. It also presumably avoids some of the other disadvantages 
of the Jominy L specimen. 

6.9. Special Hardenability Tests for High-Carbon Tool Steels 

One method that has been used widely for determining hardenability 
of carbon tool steels is the Shepherd disc hardenability test.^^® Slabs 
of graduated thickness are heated for 20 min. in a pot of lead at 1420°F. 
(770®C.) and then quenched in a brine spray. The hardened slabs are 
sectioned with a thin grinding wheel and are etched to show the depth 
of hardening. Hardenability is reported as the thickness in thirty- 
seconds of an inch of the thinnest slab that shows an unhardened core 
of ^ in. or larger. 

Shepherd^-^ later suggested another test for carbon tool steel based 
partially on the principles of the test described in the previous paragraph 
but taking grain size into account. This test, which is known as the 
penetration-fracture or P-F test, is described in the Metals Handbook,^ 
It consists of quenching four f-in. diameter by 3-in. long samples in a 
brine spray, one each from 1450, 1500, 1550, and 1600®F. (790, 815, 
845, and 870®C.), notching each in the middle, and fracturing it by 
impact. One half of each is examined for the grain size of the hardened 
case by comparison with a standard set of fractured sj^ecimens. Depth 
of hardening is observed on the other half after grinding the surface, 
rough polishing, and etching. The P-F characteristic is given as a 
numeral, in which the first four digits represent the penetration in 
sixty-fourths of an inch and the last four digits the fracture grain size. 
The first number of each group is the P-F value for a quenching tem- 
perature of 1450°F., the second represents a quenching temperature of 
1500°F., and so on. 

Post, Greene, and Fenstermacher^^^ developed the cone test for evalu- 
ating the hardenability of steels with Shepherd P-F numbers of 10 
through 16. The test consists of hardening a conical specimen, 5 in. 
long and having a |-in. diameter at the small end and a IJ-in. diameter 
at the large end, by quenching from a furnace containing a controlled 
atmosphere into a 3-in. spray of 10 per cent brine solution with the small 
end of the cone down. After hardening, the cone is split longitudinally 
through the center, and Rockwell C hardness is determined on the 
longitudinal axis. The cooling-rate contour of the cone specimen during 
brine quenching from 1450 and 1650®F. (790 and 900°C.) is determined, 
and, with the point of critical hardness (Rockwell C hardness 55 for 
hypereutectoid steels) fixed by a hardness traverse of the axis of the 
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cone, it is possible to determine the cooling rate necessary to obtain that 
hardness. 

The most recent modification of the end-quench test for high-carbon 
tool steels is the P-V {penetration-velocity) test developed by Shepherd. 
Specimens with a 90-deg. chisel point and 1| in. long are austenitized 
and transferred rapidly to the quenching fixture, with the chisel edge 
down, and the coolant (usually brine) is sprayed on the beveled surfaces 
with a definite pressure. 



Fig. 6.10. Etched slabs in P-V hardenability test. Transition zone is much 
sharper in steels of lower hardenability. P-V values of specimens A67, QK-3, BC-3, 
BR-1, and MU are 0.162, 0.227, 0.256, 0.342, and 0.446, respectively. One half 
natural size. {Shepherd. 


When the specimen is cold enough to be handled, a center slab is cut 
perpendicular to the chisel edge. This is ground, if necessary, rough 
polished, and etched to indicate the depth of hardness (Fig. 6.10). 
A hardness survey may also be made as shown for specimen PX in 
Fig. 6.10. It was noted in a previous chapter (p. 92) that the etching 
characteristics of a rough-polished cross section of a quenched bar change 
radically when the structure contains less than 50 per cent martensite. 
Using this criterion Shepherd expressed hardenability (P-V value) as 
the distance from the apex of the angle to the location where the 
structure is approximately 50 per cent martensite. This distance 
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corresponds closely to a hardness level of 55 Rockwell C, 73 Rockwell N, 
78.5 Rockwell A, or 598 Vickers (10-g. load). 

The test is made readily and cheaply; and it is especially applicable 
to steels having an ideal critical diameter between ^ and f in. Because 
the 50 per cent martensite criterion is easily recognized, the P-V value 
can be rapidly determined and steels can be quickly compared by the 
etching characteristics, as indicated by Fig. 6.10, without the necessity 
of determining hardness, although this is valuable as a check. In 
addition. Shepherd found that the accuracy of the test was not affected 
by slight tempering, an advantage in the rapid preparation of specimens 
by grinding. 

6.10. Hardenability Test for Air-Hardening Steels 

Comparing the hardenability of steels whose critical cooling rate is 
very low has been a problem for some time. A few years ago, Post, 
Fetzcr, and Fenstermacher^^^ developed a test for steels of this type by 
which it is possible to determine the relative air-hardening properties of 
a given high-hardenability steel for cylinders ranging from 1 in. round 
by 8 in. long to 6 in. round by 6 in. long. 

Hardenability is given as the cooling rate at which a steel must be 
cooled past 1000®F. (540°C.) to obtain a definite Rockwell C hardness. 
As the variation in hardenability in steels of the same type is negligible, 
this test can be used to estimate the hardness to be expected in tools of 
various sizes and shapes when fabricated from air-hardening steels. 

6.11. Summary 

Many methods have been devised for testing hardenability by means 
of a standardized severity of quench calibrated with respect to the ideal 
quench. The most useful test for low-alloy engineering steels is the 
Jominy ^st in which a small bar is quenched on the end by a procedure 
that sinmlates the over-all quenching of larger sections. The cooling 
rates and half-temperature times of this specimen have been measured 
so that the results of a test may be utilized readily in formulas for 
estimating the behavior of steel in quenching. The test is, therefore, 
of great value for control in the manufacture as well as in the application 
of steel. The standard Jominy test is most useful over the middle range 
of hardenability, and the other commonly used test methods are mainly 
for application to steels of very low or very high hardenability. 
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JOMINY HARDENABILITY 
CONTROL 


Prediction and control 

of hardenability are essential to insure uniform response to heat treat- 
ment. The first requirement of a reproducible test method has been 
met in the Jominy test, so that the producer and the heat treater of 
low-aUoy engineering steels have a common basis for measuring harden- 
ability. Furthermore, since steels are usually specified by composition, 
the user should be able to predict hardenability from composition. 
Similarly, the producer should have the same knowledge in order to 
control the composition to obtain the desired hardenability. The basic 
effects of composition have been determined with sufficient accuracy 
to serve as a guide, and agreement has been reached on mnges of 
hardenability that may be expected in standard types of steel. Garden- 
ability has been expressed as a band of Jominy hardness values that is 
guaranteed by the producer and that can be utilized effectively by the 
user of steel. 

It is shown in Chapter 5 that it is possible to calculate hardenability 
in terms of ideal critical diameter by the multiplying method developed 
by Grossmann. This method gives us a rapid, and for many steels a 
relatively satisfactory, means of evaluating the merits of steels accord- 
ing to their response to thermal treatment, but it does not furnish 
directly — as does the Jominy test — quantitative data on the structure 
and properties that result from quenching. The ability to predict 
quenched hardness directly from composition and grain size is, however, 
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Fig. 7.1. Relation between ideal critical diameter and the ratio of initial hard- 
ness to distance hardness (IH/DH). (Boyd and Field^^* after Field,*^) 


frequently useful, with the result that methods have also been developed 
for calculating the hardness gradient in the Jominy end-quench test. 
In other words, it is now possible to plot a Jominy end-quench curve 
without making the test. 

The principal methods for the calculation of hardness gradients in the 
Jominy curve from chemical composition and grain size are the method 
proposed by Field^® based on ideal critical diameter, and the addition 
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H^thod worked out by Crafts and Lamont.*^ These are discussed in 
this chapter. It should be strongly emphasized again that these 
ihethods do not and should not replace the end-quench test; they can 
be used to advantage where it is impossible or inconvenient to make the 
test, but the curves obtained should be considered only as approxima- 
tions of the hardenability as determined by experimental test methods. 



Fig. 7.2. Relation between carbon content and initial hardness at one-sixteenth 
of an inch from quenched end of Jominy sjiecimcn. (fioyd and Fiehl.y* 


7.1. Calculation of the Jominy Curve from Ideal Critical Diameter 

The method proposed by Field'*’ is based on three assumptions: that 
the hardness at the extreme quenched end of the Jominy specimen, that 
is, the initial hardness (IH),is a function of the carbon content of the 
steel; that the hardness at any distance from the water-quenched end of 
the Jominy bar (DH) is a function of the ideal critical diameter for steel 
of a given carbon content; and that the ratio of the initial hardness (IH) 
to the hardness at any other distance (DH) is a constant function of the 
ideal critical diameter for any carbon content. The first step in the 
method is to calculate the ideal critical diameter, using the Grossmann 
factors shown in Figs. 5.13 and 5.14. The ratio of IH/DH is then 
estimated for the various desired Jominy depths from the empirically 
determined relation shown in Fig. 7.1. To find the hardness at a 
position on the Jominy curve, the initial hardness, determined from the 
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relation of maximum hardness to carbon as shown in Fig. 7.2, is divided 
by the IH/DH ratio for each position. The probable degree of error is 
indicated in Fig. 7.3. Because of the variable hardness of the non- 
martensitic constituents, the method is most accurate on the triple- 
alloy types of steel on which the relation was first established. 



Fid. 7.3. Distribution curve of deviation between calculated results and actual 
results for 43 heats of low-alloy steels. (Field.)*^ 

7,2. Example of Calculation of Jominy Curve from Ideal Critical 
Diameter 

To illustrate Field's method we shall use as an example the 8640 
vSteel containing 0.40 per cent carbon, 0.90 per cent manganese, 0.55 per 
cent nickel, 0.50 per cent chromium, and 0.20 per cent molybdenum 
whose hardenability was calculated in Section 5.9 (p. 103). If no 
material of this steel is available for preparing Jominy bars, the end- 
quench curve can be approximated. The ideal critical diameter calcu- 
lated by Grassmann's method (see Section 5.9) was found to be 3.68 in. 
The maximum hardness for the carbon content (0.40 per cent), as shown 
by Fig. 7.2, is 56 Rockwell C and represents the initial hardness (IH). 
This hardness value is considered to represent the hardness at a distance 
of 1 sixteenth of an inch from the water-quenched end of the Jominy 
specimen. 

From Fig. 7.1 the value of the ratio IH/DH is determined for each 
Jominy position from the point at which a horizontal line representative 
of D I = 3,68 in. intersects the position curve. The value of the IH/DH 
ratio is divided into the value for IH to determine the hardness for each 
Jominy position as follows: 
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Jominy 
distance^ in. 

IHIDH 

IH^ CHIDE) 

Calculated 
Rockwell C 

A 

1.00 

56-1.00 

56.0 

1 

4 

1.03 

56-1.03 

54.4 

4 

1.24 

56-1.24 

45.2 

3 

4 

1.46 

56-1.46 

38.4 

1 

1.66 

56-1.66 

33.7 

u 

1.83 

56^-1.83 

30.6 

u 

1.92 

56-1.92 

29.2 

n 

2.00 

56-2.00 

28.0 

2 

2.05 

56-2.05 

27.3 


By means of these values it is possible to construct the Jominy hardness 
curve, and using the relations between bar size, severity of quench, 
and Jominy test described previously (pp. 09 to 83) we can estimate 
the manner in which a steel of this composition will respond to heat 
treatment when quenched. From these relations it is found that the 
hardness at the center of the 0.72-in. diameter bar of this steel, indicated 
previously (p. 99) to be the maximum bar size in which full hardening 
is attained, is 55 Rockwell C after quenching with a severity If = 0.50. 


7.3. Calculation of the Jominy Curve by the Addition Method 

As the depth of hardening of the Jominy test si)ecimen is usually 
measured in terms of Rockwell C hardness, it was considered by Crafts 
and Lamont^^ that it should be possible to predict hardness by a more 
direct method than that used by Field.^‘*^ This was a(‘C()mplished ])y 
the addition of Rockwell C units proportional to carbon and alloy con- 
tent and grain size. Certain inaccuracies observed in calculating the 
ideal critical diameter of low-carbon and chromium-molybdenum steels 
were not found in this method of calculating Jominy hardness. 

The method assumes that *‘pure^^ iron-carbon alloys, when cooled at 
rates corresponding to those of the Jominy specimens, will have a 
certain hardness indicated in Fig. 7.4 as ^‘carbon-base^^ hardness. Up 
to a certain hardness, designated as the ^‘martensite-base” hardness, 
alloying elements present in the steel add hardness units to the carbon- 
base hardness in the proportion shown in Table 7.1. 

Table 7.1. Increment of Quenched Hardness Due to Addition of 1 Per Cent 
Alloying Element* 

Rockwell C units per 1 per cent 
Alloying element of alloying element 


Manganese 

15.5 

Silicon 

5.0 

Nickel 

5.5 

Chromium 

15.0 

Molybdenum 

37.5 


* Grain size — Add 1 Rockwell C unit for each grain number below 10. 
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In the martensitic range there is a disproportionate increase in hard- 
ness so that the excess in the sum of carbon-base and alloy-addition 
units over the martensite-base hardness is multiplied by a factor that 
increases from 1.25 at 0.05 per cent carbon to 4 at 0.60 per cent carbon. 
The factors and a convenient nomographic chart are given in the next 



Fig. 7.4. Carbon-base hardness, martensite-base hardness, and maximum hard- 
ness as dependent on carbon content. (Crafts and Lamont,y^ 

section. The accuracy of the calculation is illustrated by Fig. 7.5 
showing actual and calculated hardness values in comparison with the 
hardenability band of 8640 steel. 

It should be noted that the martensite-base hardness, the martensite 
ffictor, and the maximum hardness are dependent only on carbon and 
that the carbon-base hardness is dependent to only a slight degree on 
cooling rate. Similarly, the effects of the alloying additions are inde- 
pendent of carbon, cooling rate, and each other, and have effects analo- 
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gous to an increase of cooling rate. Thus, it is again confirmed that 
alloying elements affect the hardening of steel primarily through their 
effect on the cooling rate. 

The calculation of Jominy hardness is accurate within about =±=6 
Rockwell C, which is accurate enough to serve as a guide to the selection 
and heat treatment of alloy steel, but it is probably not accurate enough 



Fio. 7.5. Comparison of actual and calculated hardness of 37 sjxicimens with the 
tentative hardenability band of 8640 steel. (Crafts and Lamont.y^ 


for control purposes. Reasonably accurate results may be obtained in 
the comparison of similar steels by adding increments for differences of 
composition to an experimentally determined base. The use of Rock- 
well hardness is convenient in that it is a logarithmic function of 
hardness. Thus, according to the addition formula, each unit of alloying 
element contributes equally to hardness, and it is easy to evaluate the 
relative benefit of different elements. 

By the method developed by Crafts and Lament^®' (discussed in 
this section and in the next chapter) it is possible to estimate not only 
the Jominy hardness, but also the tempered hardness and the notched- 
bar impact resistance from chemical composition. In these calculations 
advantage is taken of the logarithmic relation between Rockwell C 
hardness and Brinell hardness or tensile strength so that functions that 
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ordinarily require multiplication are made additive by the use of Rock- 
well C hardness as the index of strength. 

7.4« Example of Calculation of Jominy Hardness by the Addition 
Method 

Assume that it is desired to know the Jominy hardness curve for an 
8645 steel of grain size 8 and the following composition: 



Alloymcj element, percent 

Fio. 7.6. Alloy addition units (Rockwell C) for the common alloying elements. 
{Crafts and Lainont.Y’^ 


Element 

Percentage 

Carbon 

.... 0.45 

Manganese 

.... 0.85 

Silicon 

.... 0.22 

Nickel 

.... 0.50 

Chromium 

. . . . 0.50 

Molybdenum 

.... 0.20 


Actual grain size, No. 8 


The first step is to determine the addition units by which the indi- 
vidual alloys increase the hardness of the ^^pure” iron-carbon alloy. 
This may be done graphically from Fig. 7.6 by reading off the addition 
units proportional to the amount of each alloying element present in 
the steel. These amounts together with the grain-size unit are added 
to obtain the total number of alloy-addition units. The addition units 
may also be calculated by multiplying the percentage of the alloying 
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element by the factors given in Table 7.1 for 1 per cent of each element 
as follows: 

Addition unit calcvlated or 

Alloying element Percentage X Factor determined from Fig. 7.6 

Manganese 0.85X15.*^ 13.2 

Silicon 0,22 X 5.0 1.1 

Nickel 0.50 X 5.5 2.7 

Chromium 0.50X15.0 7.5 

Molybdenum. . . . ^ . . . 0.20X37.5 7.5 

No. 8 grain size 2.0 

Total alloy-addition units 34.0 



Fig. 7.7. Effect of cooling rate, expressed as Jominy distance, on carbon-Viase 
hardness (Rockwell C). {Crafts and Lamont.y^ 


The total alloy-addition units are then added to the carbon-base hard- 
ness of the ‘^pure^^ iron-carbon alloy for each Jominy depth shown in 
Fig. 7.4. For Jominy depths not shown on this curve the carbon-base 
hardness may be estimated from Fig. 7.7 for the carbon content of the 
steel. 

If the sum of the carbon-base hardness and the alloy-addition units 
exceeds the martensite-base hardness indicated for the carbon content 
in Fig. 7.4 — that is, if it exceeds 30 Rockwell C' in 0.45 per cent carbon 
steel — an addition increment for martensite must be added. This 
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factor has been incorporated in the nomographic chart given in Fig. 7.8 
to avoid further calculation. To obtain the quenched hardness, the 
sum of carbon and alloy-addition units is located on the right-hand side 
of the diagram and traced to the left. If the lower boundary line is met 
before the ordinate representing the carbon content of the steel is 



Fig. 7.8. Nomographic chart for determining as-quenched hardness (Rockwell C) 
from sum of carbon-base liardness and alloy units. (Crafts and Lamont.y^ 


reached, the upward-curving line is followed to the carbon ordinate 
and the hardness at that point is read off the left-hand scale. This is 
the case at the 8 and 16 sixteenths of an inch locations in the example 
shown in Table 7.2. If the upper boundary line is reached before the 
carbon ordinate, as it is at the 4 sixteenths location, the boundary line 
is followed to the carbon content and that point represents the calcu- 
lated (maximum) hardness. If the carbon ordinate is reached first, in 
the lower hardness levels, the sum of carbon and alloy-addition units 
represents the calculated hardness. This is the case at the 32 sixteenths 
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Table 7.2. Example of Use of Nomographic Chart Shown in Fig. 7.8 for Deter- 
mining Calculated Hardness 


Steps of calculation 

Jominy depth, in. 


i\ j 

58 

?s 

Carbon-base hardness 

4-12.1 

4- 5.4 

- 0.3 

- 5.0 

(Plus) alloy-addition units 

34.0 

34.0 

34.0 

34.0 

Sum 

46.1 

39.4 

33.7 

29.0 

Calculated hardness (Fig. 7.8) 

58.7 

51.6 

38.5 

29.0 


location in Table 7.2, where 29 Rockwell C is less than the martensite- 
base hardness of 30 Rockwell C. 

If it is desired to make the calculation arithmetically without the 
nomographic chart, the martensite increment is determined by sub- 
tiracting the martensite-base hardness from the sum of the carl)on-base 
hardness and total alloy and grain-size addition units and multiplying 
this difference by the martensite factor shown in Fig. 7.9. The product 
is added to the martensite-base hardness to obtain the calculated Jominy 
hardness as indicated in Table 7.3. If the hardness from this calcula- 
tion exceeds the maximum attainable hardness for the carbon content 
of the steel indicated by the maximum line in Fig. 7.4, that is, if it 
exceeds 58.7 Rockwell C in a steel containing 0.45 per cent carbon as it 
does at the 4 sixteenths location, the maximum hardness is considered 
to be the calculated hardness. If the sum of the carbon and alloy units 


Table 7.3. Example of Determining Calculated Hardness Arithmetically 


Steps of calculation 

Jominy depth, in. 

A 

8 

1 fl 

12 

1 ft 

?8 

Sum of carbon and alloy units 

46.1 

39.4 

33.7 

29.0 

(Minus) martensite-base hardness, 





from Fig. 7.4 

30.0 

30.0 

30.0 

30.0 

Difference 

16.1 

9.4 

3,7 


(Times) martensite factor, from Fig. 





7.9 

2.3 

2.3 

2.3 


Product 

37.0 

21.6 

8.5 


(Plus) martensite-base hardness, from 





Fig. 7.4 

30.0 

30.0 

30.0 


Total 

67.0 

51.6 

38.5 


Calculated hardness 

68.7 

51.6 

38.5 

29.0 
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is less than the martensite-base hardness, as it is at a Jominy depth of 
32 sixteenths of an inch in Table 7.3, this sum (29.0 Rockwell C in the 
above calculation) is the calculated hardness. The calculated-hardness 
values may be plotted and a Jominy hardness curve drawn as in Fig. 7.10. 

Full hardening is maintained to a depth of about 6 sixteenths of an 
inch from the water-quenched end, and the hardness at this point is 



Fig. 7.9. Relation between carbon content and martensite factor. {Crafts and 
Lamont.)^ 

57.6 Rockwell C. From the relations between Jominy hardness, severity 
of quench, and hardening discussed previously, it may be estimated 
that the maximum size of bar that will harden completely at the center 
when quenched with a severity of H = 0.35 is 1.0 in. in diameter. 

7.5. The Development of Hardenability Bands 

Bands defining the minimum and maximum Jominy hardness to be 
expected in Commercial heats of alloy steels have been established within 
the past five years by The Society of Automotive Engineers and the 
American Iron and Steel Institute.^®* These hardenability bands are 
recommended for specification purposes, and it is now possible to 
purchase steels of several types (compositions given in Appendix I) 
with hardenability guaranteed to fall within these bands. 

During World War II, the demand for alloying elements was so great 
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that it was not possible to produce enough of the SAE type steels con- 
taining relatively large amounts of scarce alloys. New alloy-steel com- 
positions were introduced — the so-called National Emergency (NE) 
steels — to use the more available alloying elements and to utilize the 
residual alloying elements in the scrap more effectively. These triple- 
alloy steels were designed to have hardenability characteristics similar 
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Fir, 7.10. Jominy hardenability curve for 8645 steel calculated by addition 
method. 


to tho.se of the older steels and were substituted for many of the older 
SAE grades on the basis of Jominy hardenability. As soon as some 
experience was gained in the large-scale application of Jominy testing 
it became apparent, however, that the range of hardenability resulting 
from differences of composition in one grade was too wide to insure 
adequate minimum properties economically. For example, Parker' 
states that there is a possible spread in the hardenability of 4140 made 
to standard chemical specifications of 29 Rockwell numbers (i.e., 
from 29 to 58) at a Jominy distance of 16 sixteenths from the quenched 
end of the specimen. 

Study of Jominy hardenability test data for heats of standard types 
by the Technical Committee on Alloy Steel of the American Iron and 
Steel Institute revealed that extremely high and low hardenability 
resulted from only a small percentage of the heats. PNen this per- 
centage could l>e reduced, if the composition ranges were broadened so 
that during refining of the heat more compensation could be made for 
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alloying elements that happened to Ije near the limits of the composition 
ranges. By cooperation with the Iron and Steel Committee of the War 
Engineering Board and the Iron and Steel Division of The Society of 
Automotive Engineers mutually agreeable bands of minimum and 
maximum Jorniny hardenability were tentatively established for a 
number of commonly used steels.'^ The comiwsition specifications were 
broadened somewhat (Table 7.4), and the .steels were guaranteed to have 
hardenability within the accefrted limits. 



Disfcince from quenched end of specimen, sixteenths of oin inch 

Fir,. 7.11. Tentative hardenability band f(3r 8640H steels. {Society of A utoynotive 
Engineers and Ayuvncan Iron and Steel I nslitute 

The steels specified to hardenahility-band limits are distinguished by 
the suffix letter 11 added to the series number; e.g., 8()40H, for which a 
typical hardenalnlity band is shown in Fig. 7.11. The degree of relaxa- 


Tarle 7.4. Coin{M)sition Tamits (1947) for Two Ia>w-A11oj’^ Steels for Which 
Hardenability (H) Is and Is Not vSpecified* 


Steel 


Chemical com^xisition, ix'i* cent 


No. 

c 

Mn 

Si 1 

Ni 

Cr ! 

Mo 

4140 

4140H j 

0.38-0.43 

0.37-0.45 

0.7.5-1.00 

0.70-1.0.5 

0.20 0.35 
0.20-0.35 


0.80-1.10 

0.80-1.15 

0.15-0.25 

0.15-0.25 

8640 

8640II 1 

0.38-0.43 

0.37-0.45 

0.75-1.00 

0.70-1.05 

0.20-0.35 

0.20-0.35 

0.40^.70 

0.35-0.75 

0.40-0.60 

0.35-0.65 

0.15 0.25 
0.15 0.25 


'•'Society of Automotive Engineers and American Iron and Steel Institute. 
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ation in the chemical composition for two commonly used steels is shown 
by Table 7.4. 

Although the bands are wider than the steel user would like, they 
reflect a high order of hardenability control in steelmaking. Thus, 
they represent a major improvement over the earlier specification of 
composition, but the possible range is so wide that in an individual case 
the actual hardenability may be more or less than is desired. For 
economical and precise application of steel it would appear reasonable 



0 V: I 2 3. 4 0 I 2 ,3 4 0 Vi I 2 3. 4 

Round-bar diameter, in. Round-bar diometer, in. Round-bar diameter, in. 


Fig. 7.12. Hardnes-s to be expKicted for minimum and maximum hardenability at 
the surface, mid-radius, and the center of oil-quenched rounds of 8600H steels. 
{Boegehold.y^ 

to practice selection and diversion of heats within still narrower ranges. 
The relation between minimum and maximum hardenability and the 
hardness of quenched and tempered bars of 8600 steels is shown in 
Figs. 7.12 and 7.13. Because of the effect of percentage of martensite 
on the final properties, the deficiencies of inadequate hardenability are 
even more significant than indicated by the hardness levels. 

After experience had been gained in making and using steels of 
specified hardenability, revisions of the tentative bands were made.^®^ 
In general, they were narrowed somewhat, largely by raising the mini- 
mum limit. It appeared that heats near the maximum do not tend to 
give unreasonable difficulty in machining, warping, or cracking, whereas 
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heats near the minimum may be critically deficient in strength and 
ductility after tempering. One effective solution of this problem, where 
maximum hardenability is important, is to use a somewhat lower 
carbon and higher alloy content to achieve the desired degree of harden- 
ing combined with a lower maximum hardness and better ductility. 
Additional data on other types of steel have permitted the specification 
of hardenability in a considerable number of steels. The current 
hardenability-band limits for H steels are given in Appendix II. 



Fio. 7.13. Hardness to l)e expected for minimum and maximum hardenability at 
the surface, mid-radius, and the center of water-quenched rounds of 8600H steels. 
{Boegehold.y^ 


7.6. Use of Hardenability Bands for Specifying Hardenability 

The Society of Automotive Engineers and the American Iron and Steel 
Institute’^^ recommend that, in using hardenability bands for specifica- 
tion purposes, certain “points on the curves should be selected [as 
indicated in Fig. 7.14]; the full length of the curve should not be speci- 
fied.’^ To identify the points with assurance, hardness values from 
available tables, such as those given in Appendix II, should be used 
rather than reading the values from end-quench curves. 

A typical illustration of the methods of specifying hardenability 
requirements is shown in Fig. 7.14. These are as follows: 

(A) The maximum and minimum distances at which the desired 
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hardness values occur. This is indicated by A-A on Fig. 7.14, and in 
this case the specification would read J 45 = 4 to 11 sixteenths. 

(B) The maximum and minimum hardness values at any desired 
distance. This is indicated by points B-B on Fig. 7.14, and in this 
case the specification would read t/ 36 / 5 o = 8 sixteenths. Obviously the 
distance on the Jominy curve selected for specification purposes should 
correspond to the section treated by the consumer. 


65 r 


* /Anyone of f^hese methods may be used 
I ♦ ♦ vcmdh'on of 2 Rock we tf C points is — 
permissible over a small portion of 
either curve if more than the '/ts points 
and two other points are speci fied 



r U-/l J^s-^ to H sixteenths 
B-B = 8 sixteenths 

Cutves X-X See note * ♦ 


*C-C x/js - S Sixteenths (max) 
J40 -17 sixteenths (max) 
*D-D J 4 S - 4 sixteenths (min) 
Jjs - 8 sixteenths (mm.) 


2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 

Disfance from quenched end of specimen, sixteenths of oin inch 


Fig. 7.14. Method.s for specifying hardenability. 
neers and American Iron and Sleel Inslitide.y^'^ 


{Society of Automotive Engi- 


(C) Two maximum hardness values at two desired distances could 
be specified as indicated by points C-C; or two minimum hardness 
values at two desired distances could be required as indicated by points 
D~D in Fig. 7.14. 

It is, of course, possible to specify any point on the minimum curve 
and any point on the maximum curve, and in addition maximum and 
minimum values at a distance of iV from the quenched end may also 
be included in the requirements. 

The Society of Automotive Engineers and the American Iron and 
Steel Institute^'^^ recommend that, where it is desirable to sjxicafy more 
than two locations on the band (exclusive of the maximum and mini- 
mum at iV in.), a tolerance of 2 Rockwell C numbers l)c permitted over 
any small section of the curve. This is necessary because the Jominy 
curves of individual heats may vary slightly from the standard band 
limits and thus may deviate a little at one or more points on the whole 
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curve. Such a condition is shown by the dotted curves marked X-X 
in Fig. 7.14. 

7.7. Factors to Be Considered in the Use of the Hardenability Band 

The manner in which the hardenability band is used for the selection 
of an engineering steel depends on how strictly the final properties must 
be controlled. If the severity of the quench and the effective section 
are known, the appropriate Jominy distance from the water-quenched 
end may be estimated by the methods given in Chapter 4. The severity 
of service will determine the percentage of martensite or the as-quenched 
hardness that is desirable at a definite Jominy distance. When a high 
order of properties demands a high proportion of martensite, the mini- 
mum hardness of the band at the pertinent point on the Jominy harden- 
ability band is usually well below the hardness that will just give 
the required strength after a minimum of tempering. If the require- 
ments are not so severe and only stipulate a certain tensile strength after 
tempering in tlie range of 800 to KKXFF. (425 to 540°C.), the minimum 
as-(pienched hardness necessary to achieve a certain tempered hardness 
may be calculatetl by the methods given in the next chapter. 

In making calculations that recpiire the use of chemi(‘al composition 
it has been found that a reasonably close approximation may be made 
by assuming that the minimum limit of hardenability corresponds to a 
composition in which the amount of each element is one-third of its 
range of chemical analysis al)ove the minimum of the specification. 
Similarly, the maximum hardenability may be considered to be repre- 
sented by one-third of the range of each element below the maximum 
of the s[)ecified ninge. If it is imperative that the very lowest exi^ected 
value be estimated, it must be remembered that the hardenability band 
is based on ladle samples. Segregation may result in less than minimum 
hardenability locally in a heat that is otherwise within the specified 
range of hardenability. This principle is recognized in check-analj^sis 
variations and should be expected in hardenability. An allowance of 
2 to 4 Rockwell C may be made for segregation. In critical cases, the 
chemical composition used for calculating estimates of minimum hard- 
ness has sometimes been as low as 10 per cent above the minimum of 
the specified range. Such low values might occur only in a small part 
of a heat and only in a very small proportion of the heats so that such 
rigid control of the minimum hardenability would be justified only in 
those extreme cases in which there is a negligible factor of safety. 
Furthermore, the difficulty of controlling the quench to a comparable 
degree is such that it seems academic to attempt to be too precise in 
trying to estimate the hardenability of the steel. 
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7.8 Smnmary 

Hardenability is a critical characteristic that is a key to many of the 
properties that may be developed in heat-treatable steel and has proved 
useful as a criterion of potential applicability. Control of hardenability 
is possible only because the effects of composition have been evaluated. 
It is possible to predict hardenability from composition with some 
degree of accuracy. This makes control in production feasible and 
facilitates the selection of suitable and economical steels. Specified 
hardenability, as manifested by the hardenability bands of H steels, is a 
promising step toward the economical and effective selection of low- 
alloy steel. The band is wider than is desirable, and for accurate control 
it may be helpful to select heats within the specified range. Fine dis- 
tinctions in degrees of hardenability, however, do not appear to be 
justified by the present state of the art of heat treating. 



CHAPTER 8 


TEMPERING AFTER 
HARDENING 


Steel is rarely put 

into service in the as-quenched condition owing to the stresses intro- 
duced by quenching and because of the lack of toughness and ductility 
that is associated with the presence of much freshly formed martensite. 
To reduce these stresses and improve toughness and ductility, the 
quenched steel is tempered by reheating to some temperature below 
the one where alpha iron changes to gamma. A stress-relieving treat- 
ment, at temperatures up to SOO^F. (260*^0.), is generally applied to 
high-carbon and a few low-alloy steels that have been drastically 
quenched to produce a structure consisting primarily of martensite and 
where high hardness or strength is required, as for tools, gears, and 
bearings. Such a treatment produces improved dimensional stability, 
ductility, and resistance to cracking. Steels requiring still greater 
toughness are tempered at temi)eratures between about 800 and 1200°F. 
(425 and OSO'^C.). This results generally in a material decrease in 
hardness and tensile strength and an increase in ductility and toughness. 
Regardless of the tempering treatment, however, the optimum com- 
bination of strength and toughness is obtained by first quenching to a 
fully martensitic structure. 

8.1. Effect of Tempering on Structure 

The changes in mechanical properties of a steel during tempering 
result partly from stress relief but mainly from microstructural changes 
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that occur during heating. These changes are influenced primarily 
by the tempering temperature but also by factors such as carbon and 
alloy content, time held at tempering temperature, and the character 
of the initial structure. When freshly formed martensite is reheated, 
it undergoes a change in lattice structure from the tetragonal to the 
cubic structure of ferrite with rejection of carbon, which was in super- 
saturated solution in the tetragonal lattice. This process also acts to 


Tempering tempera lure, deg. C. 

100 200 300 400 500 



Fig. 8.1. Heat evolution in quenched steel (martensitic) with increasing temper- 
ing temperature. (Esser and Cornelixis.Y^ 

give a dark-etching appearance to the martensite needles without 
materially altering the structure. Although there is some question as 
to the nature of the carbide rejection during the early stages of tem- 
pering, Antia, Fletcher, and Cohen® concluded that the carbon is 
rejected in some transitory form that ultimately transforms into 
cementite. This conclusion is substantiated by the work of Arbuzov 
and Kurdyumov,^® who studied the decomposition of a single crystal 
of martensite and found X-ray evidence of a transition structure. 
Unpublished work* on the residues of electrolytic extraction has sug- 
gested that the transition structure is Fe 2 C. 

In heating to somewhat higher temperatures the austenite that is 
*C. M. Offenhauer, at Union Carbide and Carbon Research Laboratories, Inc. 
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retained with the martensite tends to transform. In plain carbon steels 
examined by Antia, Fletcher, and Cohen, transformation occurred either 
isothermally or on heating in the range of 450 to 550°F. (230 to 290°C.). 
The decomposition product is quite similar to the martensite of the first 
stage of tempering although its acicular configuration is more like bainite. 

At slightly higher temperatures — 550 to 750°F. (290 to 400°C.) — the 
transition structure that is precipitated with the ferrite from martensite 
transforms to cementite. Transformation is evidenced by a heat effect 
and by the appearance of the cementite X-ray diffraction pattern. In the 
decomposition of martensite, Esser and Cornel ius^^ have shown three 
apparent heat evolutions in the course of heating to about 1000°F. 
(540°C.) as illustrated in Fig. 8.L The heat evolution at the point 
marked a is thought to be associated with the change of the tetragonal 
alpha-iron lattice to the normal cubic lattice with the rejection of the 
transition carbide. The heat of transformation accompanying the 
change from austenite to the aggregate of ferrite and transition carbide 
structure is shown l)y point h. Point c would, according to Antia, 
Fletcher, and Cohen’s conclusions, be indicative of heat evolved during 
the transformation of the transition structure to cementite. However, 
Bain^^ suggests that it may be related to the recrystallization of the 
ferrite matrix as it changes from one form to another. 

At temperatures higher than those of the third stage of temi)ering, 
the individual cementite particles are considered to coalesce and increase 
in size with increase in temperature. If it is desired to have large 
spheroidized carbide particles, the steel is tempered at a temperature 
just below Ai for a fairly long period of time. The effect of longer time 
on the temi>ering reactions is to some extent the same as the effect of 
higher temperature.^^ 

8.2. Relation between Tempering and the Hardness of Quenched 
Steel 

The changes in carbide distribution and form during tempering 
greatly affect the hardness of steel. Structural changes occur almost 
continuously over the range of subcritical temperatures, and the chief 
reaction after the formation of cementite is the growth of the carbide 
particles. It would be expected, therefore, that the hardness would 
in general decrease as the tem})ering temperature is raised since coales- 
cence and growth of the carbide particles result in an increase in the 
mean ferrite path (see p. 86). This is shown for high-carbon steel in 
Fig. 8.2. However, at temperatures below those at which cementite is 
formed, that is, in the first two stages of tempering, reactions occur that 
may result in a slight increase in hardness as shown in Fig. 8.3 taken 
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Tempering iemperafure.deg.C 



quenched Tempering temperature, deg. R 

Fio. 8.2, PJffect of tempering on the hardness of water-quenched high-carbon 
steel. iGiU and associates.)^ 

from the work of Fletcher and Cohen.®® Except for the 0.49 per cent 
carbon steel a slight increase in hardness is shown in all the steels. 
This is considered to result from a precipitation-hardening effect of the 
carbide transition structure. It should l)e noted that transformation 
of residual austenite in tempering is comparable to isothermal trans- 
formation on initial cooling and that steels containing austenitic bainite 
structures may require tempering for a long time or at a high tem- 
perature to complete the transformation of the austenite. 
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In an investigation of tempered hardness of Jominy specimens at 
the Union Carbide and Carbon Research Laboratories, it was observed 
that at the martensitic water-quenched end of the specimens, the 
appearance of the martensite could be classified into the three types as 
shown in Fig. 8.4. Type I near the water-quenched end consists of 


Tempering lemperfjiture^deg. C. 

100 200 300 



well-defined needles, whereas type III nearest to the higher temperature 
transformation products is less well defined and has a tempered 
appearance. 

The structural differences of the three types are believed to reflect 
primarily degrees of self-tempering during quenching. If retained 
austenite is present, it may be present in types II and III to a greater 
extent than in type I in accordance with Mathews’^®^ observation that 
greater stresses induced by very rapid cooling promote more complete 
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transformation. On tempering in the range of 400 to 600°F. (205 to 
315°C.) a disproportionate softening occurs in the type I martensite, 
as shown in Fig. 8.5. In the barely full-hardened zone, where the 
structure is predominantly tyi^e III martensite, little or no softening is 
found. In the next zone, which is largely martensitic with some bainite 



Fig. 8.4. Types of martensite in hardened Jominy specimens. OriKinai magni- 
fication 2000 X; reduced 1^. 

and ferrite and consequently of a lower as-quenched hardness, tempering 
produces an increase in hardness, the increase becoming less as the 
initial hardness and the percentage of martensite become less. These 
changes in hardness have not been studied sufficiently to give sub- 
stantiated reasons for the behavior. However, the ferrite-bainite- 
martensite structure may contain a substantial amount of residual 
austenite, as indicated by Klier and Lyman, which will increase the 
hardness when transformed on tempering. These observations are of 
interest in connection with the behavior of quenched high-carbon gear 
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Fk;. 8.5. TonipertMi Joniiny hardness curves of semideep-hardening (left curves) 
and deei>-hardcning (right curves) .steels. 



Fig. 8.6. Kate of softening at 1200°F. (650°C.) of three characteristic structures 
of the same initial hardness. {Engd.y^ 

steel, which seems to require more than a bare minimum of alloying 
addition to produce a martensitic structure with high ductility. 

In the third stage of tempering, the hardness of plain carbon steels 
progressively decreases with tempering temperature. In structures 
transformed from austenite during quenching at elevated temperatures 
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to pearlite and bainite, there is relatively little change in hardness until 
the tempering temperature approaches the temperature at which the 
carbide was formed. Thus, the unhardened portion of the Jominy 
specimen shown in Fig. 8.5 was not significantly softened until a tem- 
perature over 800°F. (425°C.) was reached. Engel^^ showed that at 
high tempering temperatures the rate of softening is virtually the same 
for martensite, bainite, and pearlite (Fig. 8.6). 


8.3. General Effects of Alloying Elements on Tempered Hardness 

Except for increasing the tendency of the structure to contain some 
retained austenite, all of the alloying elements but silicon seem to have 


Table 8.1. Typical Tensile Properties of SAK Carbon and Ijow-Alloy Steels 
Quenched in Oil and Tempered at 10()0°F. (540°C.)* 


Steel 

No. 

Nominal composition, | 

per cent j 

Tensile 
i strength, 
lb. [)er 
sq. in. 

Yield 
strength, 
lb. per 
sq. in. 

Elonga- 
tion in 

2 in., 
percent 

Reduc- 
tion of 
area, 
per cent 

C 

Mn 

Ni 

Cr 

Mo 

1045 

0.45 

0.75 




110,000 

78,000 

20 

50 

1340 

0.40 

1.75 




141,000 

120,000 

18 

52 

3140 

0.40 

0.75 

1.25 

0.60 


143,000 

119,000 

17 

57 

4140 

0.40 

0.75 


1.00 

0.20 

170,000 

147,000 

16 

56 

4340 

0.40 

0.65 

1.75 

0.65 

0.35 

184,000 

160,000 

15 

52 


* Sisco. Properties determined on 0.505-in. specimens from bars about 1 in. in 
diameter as quenched. 


Table 8.2. Typical Tensile Properties of 8AF. (>arbon and Low-Alloy Steels 
Treated to a Tensile Strength of 150,000 Ib. per sq. in.* 


Steel 

No. 

Nominal composition, 
per cent 

Tempering 

temixirature 

Yield 
strength, 
lb. per 
sq. in. 

Elonga- 
tion in 

2 in., 
per cent 

Reduc- 
tion of 
area, 
per cent 

C 

Mn 

Ni 

Cr 

Mo 

°F. 

°C. 

1045 

0.45 

0.75 




600 

315 

114,000 

10 

35 

1060 

0.60 

0.75 




750 

400 

113,000 

15 

45 

1340 

0.40 

1.75 




950 

510 

128,000 

16 

50 

3130 

0.30 

0.65 

1.25 

0.60 


850 

455 

128,000 

17 

57 

3140 

0.40 

0.75 

1.25 

0.60 


950 

510 

127,000 

17 

56 

4130 

0.30 

0.65 


0.65 

0.20 

1050 

565 

131,000 

20 

61 

4140 

0.40 

0.75 


1.00 

0.20 

1100 

595 

131,000 

18 

60 

4340 

0.40 

0.65 

1.75 

0.65 

0.35 

1200 

650 

130,000 

19 

57 

8640 

0.40 

0.90 

0.50 

0.50 

0.20 

1050 

565 

133,000 

17 

53 

8740 

0.40 

0.90 

0.50 

0.50 

0.25 

1100 

595 

130,000 

18 

56 


* Sisco.'” Properties determined on 0.505-in. si)ecimens from bars ai>out 1 in. in 
diameter as quenched. 
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little influence on hardness in the first two stages of tempering. This is 
indicated by work reported by Fletcher and Cohen^® and by Crafts 
and Lament However, at tempering temperatures in the range 
above 800°F. (425°C.) the carbide-forming elements manganese, chro- 
mium, molybdenum, and vanadium are known to produce materially 

Temper/na temperature , deo.C. 

200 300 400 500 ^ 600 700 



Q 400 600 600 lOOO 1200 

Tempering temperature, deg F. 


Fi(i. 8.7. Effect of chromium on the resistance of 0.35 per cent carbon steel to 
tempering. (Bain.y^ 

higher hardness and strength for the same treatment than those attained 
in essentially alloy-free steel. This is clearly indicated by mechanical- 
property data summarized by Sisco, which are reproduced in part in 
Table 8.1. Similarly, the carbide-forming elements, in inhibiting the 
softening due to tempering, make it possible to temper at a considerably 
higher temperature than that used for unalloyed carbon steels if a 
definite hardness and strength are desired. This is shown by Table 8.2. 

Tho retarding effect of th^ carbid^forming elements on tempering, 
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when present in relatively large amounts, is shown qualitatively in 
Figs. 8.7 and 8.8 from Bain.'® For a tempering temperature of 1000'’F. 
(540°C.) increasing the chromium from 0 to 2 per cent increases the 
Rockwell C hardness about 10 numbers; approximately 0.5 per cent 
molybdenum has nearly the same effect. 

Tempering temperature, deg. C. 



Q 400 600 800 1000 1200 

Tempering temperature , deg. F 


Fio. 8.8. P^ffect of molybdenum on the reslstanre of 0.35 iKjr cent c«rbon steel 
to tempering. {Bain.Y'* 


8.4, Effect of Alloying Elements on Tempered Hardness in Low-Alloy 
Steels 

The effect of the alloying elements on the tempered hardness of 
engineering-type steels has been determined by Crafts and Lament.^® 
It was assumed that tempered Rockwell C hardness is dependent upon 
the quenched hardness, composition, the tempering temperature, and 
the time at the tempering temperature. The method was based on 
hardness surveys made on end-quenched Jominy specimens of simple 
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and complex alloy steels before and after tempering for 2 hr. at tem- 
peratures between 400 and 1200°F. (205 and 650°C.). Calculated 
hardness values were correlated with values obtained on quenched and 
tempered carbon- and alloy-steel bars between about J and 4 in. in 
diameter and gave an accuracy of =^=5 Rockwell C. 



Fid. 8.9. Schematic diaKram for tempered-liardness calculation. {Crafts and 
Lamont.y^ 


The general pattern of the calculation, which is described more fully 
in the next section, is shown in Fig. 8.9, in which the as-quenched 
hardness is plotted against the hardness after tempering at a given 
tempering temperature. The as-quenched hardness (Rq) may be taken 
as a point on the 45-deg. line. After temi:)ering, the hardness (i?r) is 
lowered by a certain amount /), which is independent of the degree of 
initial hardening, plus an additional amount in steels with a high 
as-quenched hardness. The disproportionate loss in hardened steel is 
less in the presence of alloying elements so that these may be con- 
sidered to add hardness increments to the hardness that might be 
obtained in an alloy-free base composition. The percentages of alloying 
elements that are effective in retarding softening by 1 Rockwell C 
unit are shown in Table 8.3. 
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Tempering temperature, deg. C. 

100 200 300 400 500 600 



Fig. 8.10. Hardness/tempering-tomporature curve indicating schemati(‘ally th(» 
effect of alloys on retardation of softening. (Crafts and Lamont.)^ 


It will be noted that, except for nickel, the effect of an alloying element 
in resisting softening becomes greater as the temperature is raised until 
a maximum effect is reached at a temperature that is characteristii; 
of the element. The characteristic temperatures above which alloys 
exert a constant maximum retardation of softening during tempering 


Table 8.3. Percentage of Alloying Element Required to Retard Softening by 
1 Rockv^ell C Unit at Various Tempering Temperatures 


Tempering temperature 


Element 

400‘^F. 

(205°C.) 

eoo-F. 

(SIS^C.) 

800°F. 

(425°C.) 

1000°F. 

(540''C.) 

llOO'F. 

(595°C.) 

1200°F. 

(650°C.) 

Manganese. . . . 

1.33 

0.65 

0.40 

0.40 

0.40 

0.40 

Silicon* 


0.22 

0.22 

0.22 

0.22 

0.22 

Chromium*. , . 

1.33 

0.45 

0.19 

0.19 

0.19 

0.19 

Nickel. 




3.33 

1.67 

0.77 

Molybdenum*. 


0.32 

0.13 

0.06 

0.06 

0.06 


Up to 1 per cent silicon, 1.5 per cent chromium, or 0.5 per cent molybdenum. 
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65 

60 

55 

50 

%/i 

Vi 

^ 45 

T5 

i- 

^j40 


o 

cn 

30 

25 

20 


As 200 400 600 800 1000 1200 

quenched Temperinq temperature, deg. F. 

Fi(}. 8.11. Resistance to softening during tempering for 1 hr. conferred by silicon 
on 0.50 to 0.55 per cent carbon .steels, (/tam.)'-* 

are as follows: silicon, GOO'^F. (315°C.); manganese and chromium, 
800®F. (425°C.); molybdenum, lOOO^F. (540°C.); and vanadium, 
1100°F. (595°C.)- Above these temi^ratures, as shown in Fig. 8.10, 
the hardness of an alloy steel decreases with increase of temperature at 
the same rate as in carbon steel but at a higher level of hardness. 

It is evident that the carbide formers chromium, molybdenum, and 
vanadium are desirable for maintaining strength with high tempering 
temperatures. On the other hand, silicon becomes effective at low 
temperatures, as illustrated in Fig. 8.11. High-carbon gear steel with 
somewhat less than 1 per cent silicon, when hardened and tempered at 
400 to 500°F. (205 to 260°C.), may have 30,000 lb. per sq. in. higher 
strength than similar steel with the usual silicon content. Nickel has 
little effect until the tempering temperature is over 1000°F. (540°C.). 
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8.5. Calculation of Tempered Hardness by Addition Method 

In the addition method*^ ^ for estimating tempered Rockwell C hard- 
ness after a tempering time of 2 hr., use is made of the following formula: 

RT=iRQ-D-B)f+B+A 
where /^ 7 ’ = tempered hardness, 

/^Q = as-quenched hardness, 

D = tempering decrement shown in Fig. 8.18, 

R = critical hardness for carbon content and tempering tem- 
perature shown in Fig. 8.19, 

/= tempering factor for carbon content and temi^ering tern*, 
perature shown in Fig. 8.20, 

A=sum of individual alloy increments shown in Figs. 8.13 to 
8.17. 



Fic. 8.13. Effect of manganese on resistance to .softening at various tempering 
temperatures. {Crafts and Lamonl.)^ 

In order to avoid calculation, a nomographic chart (Fig. 8.12) is 
used to estimate tempered hardness. Use of the chart for a given steel 
requires that the as-quenched hardness, carbon content, and the total 
increment by which the alloys retard softening at a specific tempering 
temperature are known. The alloy increments are estimated from Figs. 
8.13 to 8.17. Suppose, for example, it is desired to know the tempered 
hardness of 8645 steel over a range of temperatures between 400 and 
1200°F. (205 and 650®C.); the alloy increments are estimated for each 
tempering temperature and totaled as in Table 8.4. 

To use the nomographic chart, a straight edge is placed between 
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Silicon, per cent 

Fig. 8.14. Effect of silicon on resistance to softening at various tempering 
temperatures. {Crafts and Lamont.y^ 


the as-quenched hardness, indicated at the left in Fig. 8.12, and the 
point of intersection of the carbon-content and the tempering-tempera- 
ture lines in the central grille. The hardness of the “pure'’ iron-carbon 
alloy at the right is noted and to this is added the total alloy increment 
previously determined. Assume, for example, that a fully hardened 
1-in. diameter bar of 8645 steel has an as-quenched hardness of 57.6 
Rockwell C and it is desired to know the hardness after tempering at 
1000°F. (540°C.). A straight edge is placed between 57.6 Rockwell C 
on the ordinate at the left and the point of intersection of the line for 
1000®F. and the cross line for 0.45 per cent carbon. The hardness of 


Table 8.4. Alloy Increments for Various Tempering Temperatures for 864.5 Steel 



Per- 

centage 

Refer to 
Fig. 

Alloy increments for a tempering temperature of 

Element 

400^F. 

(205°C.) 

600°F. 

OIS’C.) 

800°F. 

(425°C.) 

1000°F. 

(540°C.) 

1100°F. 

(595°C.) 

1200°F. 

(650°C.) 

C 

Mn 

0.45 

0.85 

8.13 

0.6 

1.3 

2.1 

2.1 

2.1 

2.1 

Si 

0.22 

8.14 

0.0 

1.0 

1.0 

1.0 

1.0 

1.0 

Ni 

0.50 

8.15 

0.0 

0.0 

0.0 

0.2 

0.3 

0.7 

Cr 1 

0.50 

8.16 

0.4 

1.1 

2.6 

2.6 

2.6 

2.6 

Mo 

1 

0.20 

8.17 

0.0 

0.6 

1.4 

3.6 

3.6 

3.6 

Total alloy increment 

1.0 

4.0 

7.1 

9.5 

9.6 

10.0 
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Fig. 8.15. Effect of nickel on resistance to softening at various tempering 
temperatures. (Crafla and Lamont.)^ 



Fig. 8.16. Effect of chromium on resistance to softening at various tempering 
temperatures. {Crafts and Lamont.)^ 
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the ^^pure” iron-carbon alloy after tempering at 10(X)°F. is then 24.1 
Rockwell C as read on the right. The tempered hardness of the steel 
is obtained by adding the alloy increment for 1000°F., i.e., 9.5 Rockwell 
C according to Table 8.4, to 24.1 Rockwell C for the ^^pure^^ iron-carbon 
alloy, so that the tempered hardness is estimated to be 33.6 Rockwell C. 



Fig. 8.17. Effect of molybdenum on resistance to softening at various tempering 
temperatures. (Crafts and Lamont.)^ 


Table 8.5. Calculated Temp)ered Hardness for 8645 Steel for Tempering Tem- 
peratures of 400 to 1200°F. (205 to 650°C.) Based on Nomograph, Fig. 8.12 


Hardness for a tempering temperature of 


Steps of calculation 

400'’F. 

(205°C.) 

eoo^F. 

(315"C.) 

800°F. 

(425°C.) 

lOOOT. 

(540°C.) 

IIOOT. 

(595°C.) 

ISOO'F. 

(650°C.) 

Hardness of iron-carbon base . 

54.0 

44.4 

35.0 

24.1 

19.0 

13.4 

(Plus) sum of alloy increments . 

1.0 

4.0 

7.1 

9.5 

9.6 

10.0 

Tempered hardness of the 
steel, Rockwell C 

55.0 

48.4 

42.1 

33.6 

28.6 

23.4 
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Tempering temperature.deg.C. 
too 200 300 400 500 600 700 



Fio. 8.18. Hardness decrement (D) cau.sed V)y tempering for “unhardened” steel. 
{Crafts and Latnonl.)^ 

In a similar manner the tempered hardness of the 8645 steel may be 
estimated for other tempering temperatures; the values are given in 
Table 8.5. Interpolation of the tempered-hardness values for tempera- 
tures between 400 and 1200°F. (205 and 650°C.) indicates that this 
steel will have to be tempered at 1020°F. (550°C.) for 2 hr. in order to 
have a tempered hardness of 83 Rockwell C and, according to the con- 
version chart shown in Fig. 9.1, a tensile strength of 150,000 lb. per sq. 
in. The calculation is accurate within =^5 Rockwell C or 15,000 lb. 
per sq. in. tensile strength. 

The tempered hardness may also be calculated by substituting in 
the formula the* quenched Rockwell C hardness and the values for 
the other expressions for the tempering temperature under consider- 
ation. The values for the tempering decrement £), the critical hard- 
ness By and the disproportionate softening factor / are determined 
from Figs. 8.18 to 8.20, respectively. For the 8645 steel these factors 
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Fio. 8.19. Critical hardness (B) for alloy-free steel as affected by carbon content 
and tempering temperature. (Crafts and Lanumt.)^ 

have the values given in Table 8.6. These values together with the 
alloy increments shown in Table 8.4 are then substituted in the formula 
Rt— (Rq — D — R)f-\-B-\-A so thati 

flr(400°F.) =(57.6- 1.0 - 50.6)0.57 -f-50.6-b 1.0 = 55.0 
St(600°F.) =(57.6- 1.5 - 34.0)0.47 +34.0-1- 4.0 = 48.4 
Rt{S00°F.) =(57.6- 2.0-22.3)0.38+22.3+ 7.1=42.1 
«r(1000°F.) = (57.6- 5.3-13.1)0.28+13.1+ 9.5 = 33.6 
fl7’(1100‘’F.) = (57.6 - 8.0 - 9.8)0.23 + 9.8+ 9.6 = 28.6 
i2T^200°F.) = (57.6-10.7 - 6.1)0.18+ 6.1 + 10.0 = 23.4 
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Table 8.6. Values for Calculating Tempered Hardness for 8645 Steel for Tem- 
pering Temperatures of 400 to 1200°F. (205 to 650°C.) 


Calculation factors 


As-quenched hardness, 

Rq 

Tempering decrement, 

D 

Critical hardness, R . . 
Tempering factor,/. . 


Refer 

to 

Fig. 


8.18 

8.19 

8.20 


Hardness for a tempering temperature of 


400°K. 

(205X\) 


57.6 

1.0 

50.6 
0.57 


600°F. 

(315°C.) 


57.6 

1.5 

34.0 

0.47 


800°F. 

(425°C.) 


57.6 

2.0 

22.3 

0.38 


1000°F. 

(540°C.) 


57.6 

5.3 

13.1 

0.28 


llOO'F. 

(595°C.) 


57.6 

8.0 

9.8 

0.23 


1200°F. 

(650°C.) 


57.6 

10.7 
6.1 
0.18 



Fig. 8.20. Factor (/) for disproportionate softening in “hardened” steel 
affect^ by carbon content and tempering temperature. {Crafts and Lamont.)” 
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If the calculated value of Rt is greater than Rq’-D, then Rq—D is the 
tempered hardness. However, as this is not the case for 8645 steel, the 
calculated Rt values are the estimated Rockwell C hardness values after 
tempering at the indicated temperatures. 

Tablb 8.7. Approximate Hardness Increments for 0.15 Per Cent Vanadium in 
Steels of Indicated Carbon Content When Tempered at Temperatures Shown 


Carbon, 

per 

cent 

1000°F. (540°C.) 

1100°F. (595°C.) 

1200°F. (eso'c.) 

Un- 

hard- 

ened 

Par- 

tially 

hard- 

ened 

Fully 

hard- 

ened 

Un- 

hard- 

ened 

Par- 

tially 

hard- 

ened 

Fully 

hard- 

ened 

Un- 

hard- 

ened 

Par- 

tially 

hard- 

ened 

Fully 

hard- 

ened 

0.20 

4.5 

7.0 

6.0 

7.1 

12.0 

8.5 

8.2 

15.0 

7.0 

0.30 

4.5 

4.0 

5.0 

7.1 

8.0 

7.5 

8.2 

11.0 

6.5 

0.40 

4.5 

2.0 

5.0 

7.1 

7.5 

7.5 

8.2 

8.0 

6.5 

0.50 

4.5 

1.0 

5.0 

7.1 

7.0 

7.5 

8.2 

8.0 

5.0 


In steels containing vanadium, the basic factors for calculating tem- 
pered hardness seem to be different from those shown for aluminum- 
treated steel. In addition, the calculation is complicated by the fact 
that the effectiveness of vanadium in retarding softening during tem- 
pering varies with the carbon content of the steel. The effect of 
vanadium on tempered hardness can be estimated; the approximate 
increments by which 0.15 per cent vanadium increases the hardness of 
tempered steels are shown in Table 8.7. At tempering temperatures 
below about 1000®F. (540°C.), the hardness of vanadium steels 
approaches that of aluminum-treated steels so that increments are not 
given for tempering temperatures below 1000°F. The tempered hard- 
ness of a steel containing 0.15 per cent vanadium, therefore, may be 
estimated by the method outlined in the previous paragraphs and by 
adding to this the increment of hardness conferred by vanadium shown 
in Table 8.7. For instance, in the example shown in the previous 
paragraph the hardness after tempering at 1100°F. of the fully hardened 
8645 steel is 28.6 Rockwell C. From Table 8.7 it may be estimated 
that 0.15 per cent vanadium would increase this by 7.5 Rockwell C. 
The hardness of this 8645 steel containing 0.15 per cent vanadium, 
after tempering at 1100®F. for 2 hr., therefore would be equal to 
28.6+7.5=36.1 Rockwell C. 

8.6. Estimation of Tempered Hardness from Ideal Critical Diameter 

The tempered Rockwell C hardness to be expected after quenching 
and tempering for 1 hr. at between 900 and 1200®F. (480 and 650®C.) 
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Fig. 8.21. Hardness after tempering at 900 and 1000°F. (480 and 540°C.) as 
affected by ideal critical size and as-quenched hardness. {Wellauer.y^ 

may be estimated from the quenched hardness and the ideal critical 
diameter by the method developed by Wellauer^^® and illustrated in 
Figs. 8.21 to 8.23. Assume that it is desirable to know what tempering 
temperature will give a tensile strength of 175,000 lb. per sq. in. or a 
hardness of 38 Rockwell C at the center of a quenched 0.72-in. diameter 
bar to the 8640 steel described in Section 5.9, which, according to 
Section 7.2, has a hardness as quenched of 55 Rockwell C. Since 
the calculated ideal critical diameter of 3.68 in. (see p. 103) is 
greater than 3.0 in., reference is made to Fig. 8.23, in which tempered 
hardness is plotted against tempering temperature for different levels 
of quenched hardness for steels having ideal critical diameters in excess 
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Fig. 8.22. Hardness after temperini? at 1100 and 1200°F. (.595 and 650°C.) as 
affected by ideal critical size and as-quenched hardness. (TFeMotier.)’®* 


of 3.0 in. Since the desired hardness is 38 Rockwell C, an imaginary 
line is drawn horizontally to the point of intersection with a line repre- 
senting the quenched hardness of 55 Rockwell C. An imaginary vertical 
line is then drawn through the point of intersection, and the tempering 
temperature required to giye the desired hardness after tempering 1 hr. 
is determined on the abscissa. In this case a tempering temperature of 
965®F. (520°C.) should give the required hardness of 38 Rockwell C. 
By reversing this manipulation, the hardness that results from tem- 
pering at various tempering temperatures at different levels of quenched 
hardness may be estimated. For calculated ideal critical diameters of 
less than 3.0 in. similar estimations may be made by interpolation in 
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Figs. 8.21 and 8.22. The error amounts to about =^5 Rockwell C 
except for steels with high silicon, vanadium, or molybdenum contents 
where larger errors may be found. Tensile strength, yield strength, 
ductility, and impact strength may be estimated from charts for the 
estimated tempered hardness as described in the next chapter. 


Tempering femperafure.deg.C. 

500 550 600 650 



Fir.. 8.23. Relation between tempering temperature, tempered hardness, and 
quenched hardness for steels having ideal critical diameters greater than 3.0 in. 
(Wellau^r.y^ 

B.7. Explanations of the Effect of Alloying Elements on Retardation 
of Softening by Tempering 

The mechanism by which alloying elements retard softening during 
the tempering of quenched steels has not been explained satisfactorily. 
As shown by Crafts and Lamont^® and illustrated in Fig. 8.24, the 
alloying elements tend to become concentrated in the carbides during 
tempering at high temperatures. In steels with large amounts of 
carbide-forming elements, this results in a change of phase from 
cementite (FeaC) to an alloy carbide. 

It has been thoroughly demonstrated that changes in carbides occur 
during tempering. Austin,^^ for example, after surveying the whole 
field of carbide formation and the relation of the carbides to the matrix, 
showed conclusively that increasing the tempering temperature and in 
some cases the tempering time usually increases the percentage of 
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alloying element in the carbide. In the case of manganese, the cemen- 
tite in a low-carbon alloy with 2 per cent manganese contained 4.6 per 
cent manganese after tempering 10 hr. at 750°F. (400°C.) and 17 per 
cent after tempering 50 hr. at 1255°F. (680°C.). 



Fig. 8.24. Alloy content of electrolytically extracted iron-manganese and iron- 
chromium carbides. {Crafts and Larnont.)^ 


Analogous data from the literature and previously unpublished data 
were cited by Austin for chromium, molybdenum, and tungsten. For 
example, an alloy containing 0.5 per cent carbon and 5 per cent tungsten 
was quenched after a homogenizing treatment at 2100°F. (1150®C.), 
and the carbides were extracted after various tempering treatments. 
When the alloy was tempered at 1290°F. (700°C.) the amount of WC 
in the carbides increased from 10 per cent for a time of 5 hr. to about 80 
per cent for a time of 140 hr. The amount of (FeW) 23 C 6 decreased from 
80 to less than 10 per cent during the same treatment. That these 
changes in alloy carbides during tempering have an effect on the hard- 
ness changes seems unquestioned, but the underlying mechanism is by 
no means clear. 

Bain and Jeffries,^® in 1923, and later Houdremont, Bennek, and 
Schrader®' suggested that iron carbide particles formed after martensite 
decomposition tend to grow with corresponding softening of the steel, 
but that on tempering at approximately 1100°F. (595®C.) the alloy 
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Tempering temperci+ure , deg. F. 

900 1100 900 1100 



500 600 500 600 

Tempering fcmper(?ifure,cleg.C. 

Fio. 8.25. Hardness of chromium steels quenched and tempered 64 hours. 
{Crafts and Ojfenhauer.y* 

carbide in high-alloy steel becomes more stable than iron carbide. The 
carbon tends to diffuse to nuclei of alloy carbide, and the freshly formed 
alloy carbide particles of very small size are responsible for the secondary 
hardening frequently observed in tempering high-alloy steels (see Figs. 
8.7 and 8.8). This theory would explain positive rehardening but 
suggests a conflict with the observations outlined in previous sections 
that alloying elements only retard softening in the low-alloy construc- 
tional steels. However, quantitative considerations indicate that the 
retarded softening of low-alloy steel may reflect the same mechanism 
as positive rehardening in higher alloy steel, but that the amount of 
the tendency is insufficient to produce more than a retardation of soften- 
ing. There is also a discrepancy in the temperature of the carbide 
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T(c^lostJ T(c-Hogt) 

Fig. 8.26. Tempering diagrams for a steel containing 1 per cent carbon, 5 per 
cent chromium and 1 per cent molybdenum showing considerable rehardening in 
samples quenched from 1850°F. (1010°C.) but ot in those quenched from lower 
temperatures. In the expression T(c-\-\og t)j T== absolute temperature, t = time, 
and c = a constant for the steel. (Roberts^ Grobe^ and Moerschy 

change illustrated in Fig. 8.24 and the temperature at which the hard- 
ening tendency becomes evident, and an absence of a discontinuity in 
hardness with change of the carbide phase as shown in Fig. 8.25. Thus, 
although the resistance to tempering conferred by carbide-forming 
elements appears to be associated with the entry of alloy into the carbide, 
the nature of the mechanism is still somewhat conjectural. 

Positive rehardening, as exemplified by the 12 per cent chromium 
steel in Fig. 8.7, seems to be associated in part with residual austenite. 
This is illustrated in Fig. 8.26 for a steel containing 1 per cent carbon, 
5 per cent chromium, and 1 per cent molybdenum. In this case, positive 
secondary hardening developed only when the quenching temperature 
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Fig. 8.27. Effect of time at tempering temperature upon the softening of (luenchod 
0.35 per cent carbon steel. (Bain,y^ 

was high enough to lower the as-quenched hardness by retention of some 
austenite. Presumably, the residual austenite transforms during the 
tempering cycle, and the freshly formed martensite adds to the hardness. 
However, secondary hardening occurs in high-speed steel to a much 
greater degree than is readily explained by residual austenite, the 
secondary hardness reaching the approximate level of the quenched 
hardness. That an intermetallic compound precipitates in these steels 
and contributes to secondary hardness has also been considered a possi- 
ble explanation. 

8.8. Effect of Time on Tempered Hardness 

The time that a steel is held at the tempering temperature has a major 
effect on the degree of softening and therefore on the final hardness of the 
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steel. This is illustrated in Figs. 8.27 and 8.6 (p. 153). Bain^® found 
that softening of martensite in quenched plain carbon steel had an 
approximately linear relation to the logarithm of time except for a 
relatively rapid decrease in the first few seconds and after 1600 hr. 
Hollomon and Jaffe^^ demonstrated that the effects of time and tem- 
perature are such that the softening of steels proceeds in a regular and 
predictable manner. They found that softening during tempering is a 
function of both time and temperature and that, if the progress of tem- 
pering is known for a given time, the progress for another time interval 
can be predicted quite accurately. 

To illustrate, if the tempering times that are actually to be used are 
different from the 2-hr. period selected by Crafts and Lamont^'^ for their 
experiments (see Section 8.5), the difference in time may be converted 
to temperature by the method worked out by Hollomon and Jaffe^^ 
and discussed in detail in the next section. The calculations may then 
be based on factors for the converted temperature that are equivalent 
to tempering for 2 hr. rather than on the actual tempering temperature 
for a longer or shorter time. The following formula for medium-carbon 
steels is used to convert the actual tempering time to the equivalent 
temperature for the 2-hr. period upon which the factors used by Crafts 
and Lament are based: 


(Ti+450)(19.5+log fO 
i9:m 

where ri = actual tempering temperature in °F.,* 
h = actual tempering time in hours, 

r 2 = equivalent temperature for 2-hr. tempering period, in °F., 
19.801 = 19.5+log2hr. 

As an example assume that a 4-hr. tempering period is to be used in 
tempering at 1000°F. (540°C.). By substituting in the formula 

^ (1000+4.59)(19.5+0.602) 

i9:M 

r2=1027°F. 


The various expressions involved in the formula for calculating tem- 
pered hardness must, therefore, be based on a temperature of 1027°F. 
(555®C.) instead of lOOO^F. 

According to Hollomon and Jaffe,^^ tempering time and tempering 
temperature are, therefore, interchangeable, for a given steel, according 

*The formula for degrees centigrade would be: 

^ (T,-f273)(19.5+log U) 
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to a simple relation; the effects of time and temperature may be com- 
bined in a single parameter so that, if the tempering-hardness gradient 
is established under one set of conditions, other equivalent tempering 
periods and temperatures may be calculated. The relation holds true 
for steels having strong secondary-hardening characteristics as well 
as for carbon steels that soften continuously with increase of tempering 
temperature. In the latter case it is possible to predict the progress 
of tempering from a single tempering treatment. The relation is also 
accurate regardless of whether the initial condition is martensitic, 
bainitic, or pearlitic. 



Fig. 8.28. Variation with carbon content of constant c in time/temperature para- 
meter for tempering fully quenched plain carbon steels. {Hollornon and Jaffe.y^ 

8.9. Method of Using the Time-Temperature Relation in Estimating 
Tempered Hardness 

It was found by Hollornon and Jaffe*^^ that the Rockwell C hardness 
of a given steel is a function of the parameter: 

T(c+log 0, 

where T = tempering temperature, in °K (tempering temperature in 
^F+459), 

^ = time at the tempering temperature, 
c = constant for the particular steel. 

The constant c was found to vary with the carbon content of steel in 
the manner shown in Fig. 8.28. 

If the tempering time and temperature required to obtain a certain 
hardness value are known, then, to determine a different time or tern- 
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Fig. 8.29. Chart for finding time/temperature combinations giving equivalent tempering- (Primarily for 0.20 
to 0.40 per cent carbon steels, c = 19.5 minus time in hours.) {HoUomon and J affe.y^ 
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peratiire in order to obtain the same hardness, the following formula 
may be used : 

(T2+459)(c+log < 2 ) = (n+459)(c+log h), 
where 7^2 = unknown or assumed temperature in °F., 

<2 = unknown or assumed time in hours, 

Ti = tempering temperature at which the given hardness was 
obtained, in °F., 

^i = time, in hours, of tempering treatment by which the given 
hardness was obtained. 


To illustrate the manner in which the formula is manipulated (another 
example is given in the previous section) assume that it is known that a 
hardness of 45 Rockwell C was obtained in a 0.40 per cent carbon low- 
alloy steel after tempering at 1000°F. (540°C.) for 4 hr. In order to 
shorten the tempering treatment it is desired to know the time necessary 
to develop the same hardness after tempering at 1100°F. (595°C.). 
The value for c is obtained from Fig. 8.28 for 0.40 per cent carbon steel. 
In this case, c= 18.9 and is substituted in the formula together with the 
known tempering temj^erature and time and the new tempering tem- 
perature. 


then 


(1100+459)(18.9+log 0 = (1000+459) (18.9-hlog 4), 


_ (1000+459) (18.9+0.602) 
■ (1100+459) 


- 18.9, 


t = 0.20 hr. or 12 min. 


The same hardness, i.e., 45 Rockwell C, will be developed in this steel 
after tempering 12 min. at 1100°F. 

In order to simplify the estimation of the interchangeability of time 
and temperature, the equation has been plotted in Figs. 8.29 and 8.30 
for c = 19.5 and c=15.0, respectively (for time in hours). Because the 
value for c is not very critical, it is considered that the charts may be 
applied to steels that have no secondary-hardening characteristics, 
containing between 0.20 and 0.40 per cent carbon (Fig. 8.29) and 
between 0.90 and 1.20 per cent carbon (Fig. 8.30), respectively. 

To use the charts, the point corresponding to the time and the tem- 
perature that are known to produce the desired hardness is located 
on the pertinent graph. A real or imaginary line is drawn through the 
point parallel to the neighboring curved lines of the chart. All com- 
binations of time and temperature indicated by the values on this line 
should produce the desired hardness. If in the previous example the 
point for a temperature of 1000°F. (540®C.) and a time of 4 hr. is located 
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Time , hr. 

Fig. 8.30. Chart for finding time/temperature combinations giving equivalent tempering. (Primarily for 0.90 to 
1.20 j>er cent carbon steels, c = 15.0 minus time in hours.) {HoUomon and Jaffe.y^ 
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on Fig. 8.29, it will be found that it falls just below the ‘^hardness- 
difference^^ line marked 64. A line parallel to this hardness-difference 
line indicates that the same hardness will be obtained after tempering 
2 hr. at a temperature of 1020®F. (550°C.), 1 hr. at 1040°F. (560®C.), 
or 0.2 hr. at llOO^F. (595°C.). 

The hardness-difference lines shown in the charts are used to deter- 
mine the hardness that may be developed after different tempering 
treatments if the hardness produced by another tempering treatment is 
known. Sup{X)se that in an alloy .steel containing 0.30 per cent carbon, 
which has practically no secondary-hardening characteristics, a hardness 
of 26 Rockwell C is produced after tempering at 1200°F. (650°C.) for 
1 hr. and it is desired to know the hardness after tempering 2 hr. at 
800°F. (425°C.). The hardness difference for 1 hr. and 1200°F. is 
found in Fig. 8.30 to be 70. To this value the hardness obtained after 
the tempering treatment is added to get the “characteristic hardness’^ 
of the steel; in this case, 70+26 = 96. The hardness difference for the 
new treatment, that is, for the point 2 hr. and 800°F., according to Fig. 
8.29, is approximately 54 and is subtracted from the characteristic 
hardness to give the Rockwell C hardness value. The hardness of this 
steel after tempering 2 hr. at 800®F. is, therefore, 96 — 54 = 42 Rockwell C. 

It should be emphasized that the relations shown in Figs. 8.29 and 
8.30 may not apply to steels having secondary-hardening characteristics 
unless the range of tempering temperature under consideration is above 
the characteristic tempering temperature at which normal softening 
occurs during tempering. Hollomon and .Jaffe’s"^ formula has been 
utilized by several investigators under widely varying conditions and 
is considered to be (|uite accurate. 

8.10. Summary 

Tempering of hardened steel is carried out primarily to increase 
proportional limit ductility, and toughness rather than to lower the 
hardness. Secondary properties may, however, be estimated from 
hardness so that the chief practical measure of the effect of tempering 
is its effect on hardness. Hardness is lowered by increasing the tem- 
perature and time of tempering, and softening is resisted by the effect 
of alloying elements. Study of the effect of alloying elements in con- 
structional steels has indicated that they retard softening. The rate 
of softening in low-alloy steels has been determined so that reasonably 
accurate predictions of the tempered hardness and tensile strength may 
be made. 

The tempered hardness of fully quenched low-alloy engineering steels 
may be calculated by the method worked out by Crafts and Lamont.*® 
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The accuracy is about =^5 Rockwell C, equivalent to 15,000 lb. per sq. 
in. tensile strength. 

Another method has been proposed by Wellauer,'^® in which the 
individual effects of the alloying elements are disregarded and the effect 
of the alloying elements is assumed to be proportional to their effect 
on the ideal critical diameter in hardening. According to this method, 
tempered hardness depends on quenched hardness and ideal critical 
diameter; however, the diameter has only a negligible effect if it exceeds 
3 in. Wellauer^s method is most satisfactory when used for the triple- 
alloy steels for which it was developed but it may be seriously in error 
for other types of alloy steels, where variations of up to 10 Rockwell C 
may be encountered. 



CHAPTER 9 


MECHANICAL PROPERTIES 
AND HARDENABILITY 

T HERE ARE A NUMBER 

of mechanical properties of heat-treated steel, which reflect the behavior 
of the material when subjected to stress and indicate the resulting 
elastic or plastic strain, that are of great importance in the designing 
of parts subject to dynamic loads and are, therefore, vital to an eco- 
nomical and long-lasting structure or machine. These properties are 
mainly related to tensile strength and hardness and are affected by the 
degree of hardening (hardeiiability) in quenching. In general, the 
maximum yield strength (yield point), ductility, toughness, and fatigue 
strength for a given level of tensile strength and hardness result from 
quenching to a wholly martensitic structure followed by tempering to 
the desired tensile strength. The strength that is considered suitable 
is, on the other hand, governed by ductility and toughness as well as 
by yield- and fatigue-strength considerations, so that selection of a 
steel to meet a service requirement calls for the ability to predict the 
strength-dependent properties as well as the actual tensile strength and 
hardness. The strength-dependent properties are, therefore, of con- 
trolling importance in the estimation of minimum hardenability and 
maximum tensile strength for satisfactory service. 

9 . 1 . Tensile Strength 

Tensile strength is the standard property to which other qualities 
such as yield strength, elongation, reduction of area, impact resistance, 

183 



184 


HARDENABILITY AND STEEL SELECTION 



Fig. 9.1. Approximate relation between Rockwell C hardness and tensile strength 
of steels. (After JSAE Harulbook.y^* 

and fatigue strength are related. Different heat treatments and corre- 
spondingly different microstructures affect these strength-dependent 
properties, but the major controlling factor is the amount of martensite 
formed in quenching. The strength-dependent properties, therefore, 
should be considered with respect to both strength and degree of 
hardening in quenching. 

Tensile strength (and some of its related properties) is nearly always 
determined by breaking a standard bar under standard conditions in a 
machine specially designed for the purpose. Tensile strength may also 
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Fig. 9.2. Effect of tempering on the Brinell hardness and equivalent tensile 
strength of quenched steels, {SAE Handbook.y^* 

be estimated, and with sufficient accuracy for most design purposes, 
from hardness. A recent conversion table is given in Appendix IV. 
A typical conversion chart for estimating tensile strength from Rockwell 
C hardness is shown graphically in Fig. 9.1. The Rockwell C hardness 
test has been utilized in hardenability investigations to a greater degree 
than any other test because of convenience and because it bears an 
approximate logarithmic relation to tensile strength. For all practical 
purposes hardness and tensile strength are considered to be equivalent 
properties. 

In engineering low-alloy steels of the type mainly under consideration 
in this book the maximum hardness or tensile strength depends on the 
carbon content, as shown in Figs. 5.3 and 5.4 (p. 88). Tempering 
lowers the strength of steels of this type. Since tempering has been 
found by experience to be advantageous to serviceability, it is obvious 
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Fig. 9.3. Relation between Brinell hardness and tensile strength of stx^els. 
(SAE Handbook. 

that properties other than tensile strength are of controlling importance 
and that steel is used only to a limited extent when heat treated to 
its maximum strength. Residual stresses due to quenching are 
undoubtedly of considerable importance and, in addition, ductility and 
toughness are considered to be of major significance in the useful life 
of most machine parts. Serviceability is a poorly explored field, and 
until some better criteria of quality are developed it is necessary to be 
guided by the ductility and toughness considerations that have been 
found adequate in past experience. 

9.2. Relation among Hardenability, Tensile Strength, and Tempered 
Hardness 

The hardness that can be attained after tempering in a fully hardened 
1-in. diameter bar may be approximated by reference to Fig. 9.2. 
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It will be noted that the vertical line for a tempering temperature of 
1000°F. (540°C.) intersects the curved line marked fully hardened steels 
between 0.40 and 0.50 per cent carbon^’ at a point just below the hori- 
zontal line representing a Brinell hardness of 400, or at about 395 
BrineU. For the sake of simplicity assume that a temperature of 985°F. 
(530°C.) is used in the tempering treatment to obtain a tempered Brinell 
hardness of 400, which is equivalent to a tensile strength of 200,000 lb. 
per sq. in. 

If the steel were not fully hardened during quenching, the Brinell 
hardness value after tempering would be somewhat lower than indicated 
for the example and, according to Fig. 9.2, would lie between 400 and 
about 230 depending upon the hardenability. Similarly, as indicated 
by the pertinent line in the diagram, the tensile strength may be as low 
as about 113,000 lb. per sq. in. 

The relation between Brinell hardness and tensile strength is shown 
in Fig. 9.3, which indicates the spread in tensile-strength values that 
may be obtained in fully hardened steels at one hardness. For example, 
if the Brinell hardness is 400, a spread of tensile strength between 185,000 
and 215,000 lb. per sq. in. may be expected. 

9.3. Yield Strength and Yield Ratio 

It is sometimes difficult to measure accurately the point on the stress- 
strain diagram of a specimen tested in tension where the strain becomes 
plastic and the specimen undergoes permanent elongation. In nearly 
all untreated low- and medium-carbon steels this point (yield point) is 
clearly indicated by the drop of the beam of the testing machine. For 
most heat-treated steels it is common to use some definite amount of 
elongation over the gage length of the specimen, usually that repre- 
senting a permanent elongation of 0.2 per cent in 2 in., to fix the value 
known as the yield strength, but this is not always satisfactory as 
different steels may differ in their stress-strain behavior. In spite of 
the possible inaccuracy, the relation between yield strength and tensile 
strength is fairly constant, as shown by Figs. 9.4 and 9.5, which give 
a summary of values collected by Janitzky and Baeyertz.^^ The data 
for these curves were derived from a variety of low-alloy SAE steels 
that were quenched as 1-in. diameter bars in oil (0.40 to 0.45 per cent 
carbon) or in water (0.30 per cent carbon) and tempered over a range 
of temperatures. It was considered that the steels were entirely mar- 
tensitic as quenched, but, according to recent standards, this might 
possibly be questioned. The data indicate, however, that in fully 
hardened steels there is a relation between yield strength and tensile 
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strength that is not dependent on the specific alloying elements in the 
steel. 

The ratio of yield strength to tensile strength in fully hardened and 
tempered steels is in the neighborhood of 90 per cent, if the tempering 
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Fig. 9.4. Tensile properties of water-quenched and tempered SAE low-alloy 
steels containing about 0.30 per cent carbon. (Janitzky and Baeyertz.)^ 

temperature is high enough to relieve stresses effectively. With lower 
tempering temperatures and tensile-strength values above 200,000 lb. 
per sq. in., the apparent yield strength tends to be erratic owing, prob- 
ably, to the presence of unrelieved internal stresses. Such hard steels 
may have a proportional limit of only 50,000 to 100,000 lb. per sq. in. 
with a tensile strength of 250,000 to 300,000 lb. per sq. in. Tempering 
above 800°F. (425°C.) is usually necessary to restore the elastic stiffness. 

The constant relation between the tensile strength and the yield 
strength of fully hardened and tempered low-alloy steels found by 
Janitzky and Baeyertz was later confirmed by Patton,^®^ who plotted 
data on more than 400 tests obtained from 180 heats of 37 grades of 
carbon and low-alloy steels. For a tensile strength of 100,000 to 200,000 
lb. per sq. in., yield-strength values (and elongation and reduction-of- 
area values as well) were close to a line representing expected values 
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at least 70 per cent of the time, and 90 per cent of the values fell within 
a band that varied about =*= 5 per cent from the expected values. Patton 
found considerably more scatter if the tensile strength was over 200,000 
lb. per sq. in., which was undoubtedly due to residual internal stresses. 
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Fig. 9.5. Tensile properties of oil-quenched and tempered SAE low-alloy steels 
containing 0.40 to 0.45 per cent caibon. {Janiizky and Baeyertz.)^ 

Yield strength may be estimated from either hardness or tensile 
strength by reference to the yield-ratio chart published by The Society 
of Automotive Engineers^^^** and reproduced as Fig. 9.6. For example, 
suppose that a steel has a Brinell hardness of 400 at the center of the 
section and consequently an equivalent tensile strength of 200,000 lb. 
per sq. in. Since it is fully hardened, it would be expected to have a 
yield ratio of about 90 per cent or a yield strength of 180,000 lb. per 
sq. in. 

The broken lines in Fig. 9.6 indicate the variation that may be 
expected in the ratio. In incompletely hardened steels, these values 
approach the broken line on the left, so that a steel having a tensile 
strength of 200,000 lb. per sq. in. might have a yield strength as low 
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Fig. 9.6. Yield ratio to be expected for a definite tensile strength or Brinell hard- 
ness of hardened steels. Range to right of solid line applies to fully hardened steels. 
Range to left of solid line applies to incompletely hardened steels. (SAE Hand- 
hook.y^* 


as 200,000X0.85=170,000 lb. per sq. in. depending upon its response 
to hardening. 

9.4. Hardenability and Yield Strength 

The yield strength of incompletely hardened steels is, as Fig. 9.6 
indicates, considerably below that of tempered steels in which the 
quenched structure was entirely martensitic. The authors have 
determined and plotted the yield ratio of a representative group of 
carbon and low-alloy steels covering a wide range of carbon and alloy 
contents. Results are shown in Fig. 9.7. The steels were oil quenched 
in sections from J to 4 in. in diameter and were tempered at 1000, 1100, 
and 1200‘’F. (540, 596, and 650®C.). Incomplete hardening is expressed 
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as the difference between the as-quenched Rockwell C hardness {Rq), 
as indicated at the appropriate location on the Jominy test, and the 
maximum hardness {Rm) that a steel of that carbon content could have. 
The yield strength was measured at 0.2 per cent elongation, and inspec- 
tion of the test data indicated that this index does not always represent 
^ the same location on the stress-strain curves of differente steels. The 
yield ratio drops linearly from between 84 and 98 per cent with complete 
hardening to between 55 and 70 per cent in the unhardened condition. 
. The significance of the drop is minimized by the realization that the yield 
ratio of unhardened steels is affected to a considerable extent by the 
effect of the specific alloying elements and their combinations, as well 
as of deoxidation treatments, on the unhardened structure. 



Incomplete hardening Rockwell C 

Fig. 9.7. The effect of incomplete hardening on the ratio of yield strength to 
tensile strength. 

In many cases, low yield strength is of no consequence, and it may 
frequently be neglected if occasional high loads are not encountered. 
For parts such as automotive steering components or aircraft landing 
gear, however, where occasional high loads may cause distortion or 
premature failure, high yield strength is of considerable importance. 
Since these loads are usually of a shock type, a steel that is fully hardened 
before tempering is preferable on account of both higher yield 
ratio and greater toughness. In some cases it is impossible to secure 
a fully hardened steel, as in some carburized gears and in heavy sections, 
and the yield strength may be raised by using a vanadium steel that has 
a relatively high yield strength in the normalized or incompletely 
hardened condition. 
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9.5. Elongation, Reduction of Area, and Hardenability 

Elongation and reduction of area are both indirectly proportional to 
tensile strength, provided the structure was mostly martensite before 
tempering and provided no residual internal stresses of consequence are 
present. The relation as worked out by Janitzky and Baeyertz is 
shown in Figs. 9.4 and 9.5. The scatter for tensile-strength values of 
200,000 lb. per sq. in. and above is considerable, indicating residual 
stresses. Similar data were reported by Patton^^^ (see Fig. 9.8). At 
high strength levels, the reduction of area particularly is liable to be 
erratic, and at very high strengths the steel may be brittle. The level 
at which steel becomes brittle is dependent primarily on carbon, which 
controls the hardness and strength, but it also depends on the quality 
of the steel. 

It will be noted from Figs. 9.4 and 9.5 that low-alloy steels, pre- 
sumably quenched so that the structure is mainly martensite and tem- 
pered to a tensile strength of about 120,000 to 130,000 lb. per sq. in., 
have a reduction of area of 60 to 65 per cent. Hollomon, Jaffe, 
McCarthy, and Norton^® determined the specific relation between 
structure and reduction of area. For a tensile strength of 125,000 lb. 
per sq. in., the reduction of area was 68 per cent if the quenched struc- 
ture was entirely martensite, 63 per cent if it was a mixture of 
martensite and bainite, and 58 per cent if it was a mixture of mar- 
tensite and pearlite. This indicates that the steels tested by Janitzky 
and Baeyertz were not entirely martensitic as quenched. 

Ductility as measured by reduction of area is very sensitive to 
“quality’^ factors that are poorly understood. Even in steels tempered 
to a tensile strength below 200,000 lb. per sq. in. there are frequently 
unexplained deficiencies that lower the reduction of area below the 
maximum that is attained by most low-alloy steels at a given strength 
level. Usually the difference is small enough percentagewise so that 
the significance is open to question. Incomplete hardening of “high- 
quality^^ steels may lower the reduction of area by about 10 per cent; 
e.g., from 65 to 55 per cent. A similar and cumulative difference may 
result from “poor quality^^ regardless of hardenability. This deficiency 
caused by poor quality has been ascribed to microsegregation or banding, 
but no conclusive evidence has been reported. Steels containing in 
the neighborhood of 0.10 per cent carbon are almost immune to these 
defects. With 0.20 per cent carbon, the effect of hardenability is 
barely noticeable and with 0.40 per cent carbon, both hardenability 
and quality factors have a very marked influence on reduction of area. 
Increase of tempering temperature, even in the range of 1000 to 1200®F. 
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(540 to 650°C.), raises the reduction of area to a greater degree than it 
lowers tensile strength. 

Ductility, especially reduction of area, may also be lowered because 
of other harmful quality factors such as inclusions and segregation. In 
castings and heavy forgings, the effects of inclusions may be miniihized 
by suitable steelmaking practices, by keeping the sulphur low, and by 
treatment with aluminum and calcium but even with these pre- 
cautions low ductility may occasionally be encountered. It has been 
found helpful to temper the quenched steel at as high a temperature as 
possible, and vanadium has been used successfully to resist softening 
during the high-temperature tempering employed as insurance against 
low ductility and mediocre impact strength in heavy forgings. Vana- 
dium also avoids another source of low ductility by elimination of the 
need for aluminum. 

9.6. Estimation of Elongation and Reduction of Area from Tensile 
Strength 

The elongation of fully hardened steels may be estimated from data 
given by Janitzky and Baeyertz^ as shown in Figs. 9.4 and 9.5, or from 
the relation illustrated by Patton^®^ in Fig. 9.8. A tensile strength of 
200,000 lb. per sq. in. in a fully hardened steel would be expected to be 
accompanied normally by about 12.5 per cent elongation and a range 
from 11.5 to 14 per cent. Steels that are incompletely hardened during 
quenching would have lower values than those indicated in the 
diagram, depending upon the degree of hardening attained during 
quenching. 

Reduction of area may be estimated roughly from hardness or tensile 
strength by using Fig. 9.9. In this figure, the heavy diagonal lines 
represent the normal -expectancy curves while the intersecting lines 
represent variations from the mean which “may be caused by quality 
differences or by the magnitude of parasitic stresses induced by quench- 
ing.^^ If a steel has a tensile strength of 200,000 lb. per sq. in. after 
quenching and tempering, then by reference to Fig. 9.9 its reduction 
of area would be expected to be about 44 per cent most of the time, 
and to lie always within a range of 35 to 53 per cent. It is evident 
from Fig. 9.9 that the ductility of plain carbon steels as measured by 
reduction of area is greatly inferior to that of the alloy steels at a given 
tensile-strength or hardness level. 

Most heat-treated machine parts are made from bars that are rolled 
or forged. Such hot working elongates the ferrite areas, the corre- 
sponding carbon-rich zones, and any inclusions present into fibers that 
lie in the direction of working. This fibrous structure, which is charac- 
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Fig. 9.9. Relation between reduction of area and tensile strength or Brinell hard- 
ness of quenched carbon and alloy steels. (SlAE Handbook.y^* 

teristic of hot-worked steel, is very {persistent and is frequently not 
eliminated by heat treatment. 

Unless a bar is very large, it is impossible to cut a test specimen at 
right angles to the direction of rolling; hence, there are few data on 
transverse properties except in the case of sheet, plate, and other wide 
flat-rolled products. Practically all tensile and impact properties on 
bars are, therefore, taken parallel to the direction of working (longi- 
tudinal), and the properties so far discussed in this book are all from 
such tests. The ductility and toughness determined on specimens taken 
at an angle to the direction of rolling or forging may be much inferior 
to the same properties of a longitudinal specimen — the degree of 
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Fig. 9.10. Relation between the mechanical properties and the angle of inclina- 
tion of the fibers to the axis of the test piece. {Aitchisoii^^ after Brearley.) 


inferiority depending on the characteristics of the steel, the amount and 
kind of hot working, the direction of the fibrous structure in the test 
specimen, and how thoroughly the oriented structure was eliminated 
during heating prior to quenching. 

The effect of the direction of rolling on the mechanical properties is 
well illustrated by the classic experiments of Brearley as reported by 
Aitchison^ and shown in Fig. 9.10. Tensile strength and yield strength 
are mostly unaffected, but elongation and reduction of area, and 
impact resistance, are seriously reduced, in some cases to a relatively 
small fraction of the original value as Fig. 9.10 shows. 

With the possible exception of some crankshafts, gears, and a few 
other articles, transverse properties are not ordinarily considered to be 
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important in machine design, but it should be kept in mind that heat- 
treated carbon and low-alloy steels with satisfactory properties as deter- 
mined on longitudinal specimens may be less ductile under transverse 
loads, and that the property relations discussed in this and other 
chapters hold only for specimens cut in the direction of hot working. 


Tempering tempcroi+ure , deg. C. 

100 200 300 400 



Fig. 9.12. Effect of tempering temperature on the Izod impa(;t value of fully 
hardened SAE steels. (Grossmann.)^ 

9.7. Notch Toughness 

The resistance of a steel to fracture when notched and subjected to 
impact stresses varies approximately inversely with tensile and yield 
strength, provided that the structure was martensitic as quenched and 
that internal stresses are not present; in other words, provided that the 
tensile strength is not over 200,000 lb. per sq. in. This has been demon- 
strated by Patton^®^ as shown by Fig. 9.11. With high strength values, 
the impact resistance is low and changes little as the strength increases. 

Excessive amounts of inclusions are likely to reduce the impact 
resistance, and fine-grained steels have a considerably higher resistance 
than coarse-grained materials of similar composition. Impact resistance 
is sensitive to slight variations in structure and to differences in the 
so-called “quality factors^^ so that there is much more scatter in Patton^s 
values (Fig. 9.11) than in the values for elongation and reduction of area 
as shown in Figs. 9.4, 9.5, and 9.6. It is also greatly affected by the 
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type and the size of the specimen, and especially by the type of the notch 
and the accuracy with which the notch is cut. 

Impact resistance has a characteristic anomaly if the quenched steel 
is tempered at a low temperature. As shown in Fig. 9.12 from Gross- 
mann,®® for most steels, this temperature lies between 550 and 700°F. 
(290 and 370°C.). The lower toughness for this range is common to 



Rockwell C hoirdness 


Fig, 9.13. Effect of austempering in avoiding tempering brittleness. Numbers 
in diagram indicate tempering temperature in degrees Fahrenheit. (Pay son and 
Hodapp.y^ 


all hardened steels and is considered by Grossmann®® to result from the 
carbide distribution following martensite decomposition. Bain^® has 
suggested that this brittleness could be avoided by austempering, as 
shown in Fig. 9.13, since the resulting bainite does not exhibit this form 
of brittleness. No means has been found for curing the brittleness 
developed by tempering martensite in the intermediate range, and for 
most purposes temf^ering is carried on below 500°F. (260°C.) — for tool 
and die steels — and above 800°F. (425°C.) for engineering steels. Even 
800°F. is borderline, and higher tempering temperatures are recom- 
mended to avoid erratic tensile properties as well as low impact strength. 
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9.8. Calctilation of Izod Impact Strength by Addition Method 

The Izod impact strength may be estimated directly from tests made 
on tempered and end-quenched Jominy specimens according to a method 
worked out by Grafts and Lamont.^® This is done by machining an 
Izod impact specimen from the end-quenched Jominy bar after temper- 
ing at the desired temperature, say 1020°F. (550°C.) as with the pre- 
viously mentioned (p. 165) example of 8645 steel tempered to 33 



Fig. 9.14. Relation between Izod impact strength, tempered hardness, and 
degree of hardening of hne-grained alloy steels. {Crafts and Lamont,)*'^ 

Rockwell C. The Izod notch is cut at a depth from the water-quenched 
end corresponding to the severity of quench and size of bar for which 
the Izod impact strength is to be estimated. For example, if the impact 
strength of a 4-in. diameter bar quenched with a severity H = 0.35 is 
to be estimated after tempering at 1020°F. (550°C.), the Jominy speci- 
men is tempered at 1020®F., machined to impact-specimen size, and 
notched at a Jominy depth of 29 sixteenths of an inch in accordance 
with the relation between Jominy depth, severity of quench, and bar 
size shown in Fig. 4.14 (p. 72). Because of the dimensions of the Izod 
specimen, the notch cannot be located closer to the water-quenched 
end of the specimen than 1| in. and, therefore, the use of such a test is 
limited to the estimation of impact strength in sections over about 2i in. 
in diameter. A normal error of about =*=20 ft-lb. may be expected from 
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this method of estimating Izod impact strength, which is too great 
except for a very rough approximation. 

The Izod impact strength of fine-grained low-alloy steels may also 
be calculated from quenched and quenched and tempered Rockwell C 
hardness.^® Figures 9.14 and 9.15 may be used for this purpose, or the 



Izod impact uni fs,ff-Ib. 

Fig. 9.15. Decrement in Izod impact values (ft-lb.) for degree of hardening dur- 
ing quencliing. {Crafts and Lamonl.)^ 


Izod impact strength may be calculated from the following formula: 

I (below 45 Rockwell C) = 2.8(51 .7 — Rr)— — 

lUU 

I (above 45 Rockwell C) = (top curve. Fig. 9.14) — ^ 

where 7 = Izod impact strength, in ft-lb., 
fir = tempered hardness, 
fiAf = maximum hardness for carbon content, 
fig = as-quenched hardness. 

Assume, for example, that it is desired to know the Izod impact 
strength at the center of the fully hardened bar of 8645 steel with a 
hardness of 33 Rockwell C. The maximum hardness for 0.45 per cent 
carbon steel is 58.7 Rockwell C and the quenched hardness at the center 
of the 1-in. diameter bar is, as previously determined, 57.6 Rockwell C, 
so that the Izod impact strength is calculated to be 52.3 ft-lb. by sub- 
stituting these values in the proper formula thus: 


7 = 2.8(51.7-33.0) 
7 = 52.3 ft-lb. 


( 58 . 7 - 57 . 6 ) 2-36 
100 ^ 
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In order to avoid calculation the Izod impact strength may be deter- 
mined by interpolation directly from Fig. 9.14. If the tempered 
hardness is 33 Rockwell C and if the steel had a maximum hardness at 
the center after quenching, Rm minus Rq would be equal to zero and the 
Izod impact strength would be represented by intersection of the 
horizontal line representing a tempered hardness of 33 Rockwell C 
and the diagonal line for RM — RQ = 0y or an Izod impact value of 52.3 
ft-lb. If the as-quenched hardness is 57.6 Rockwell C, the value for 
Rm minus Rq is equal to 1.1 and the impact strength would be repre- 
sented at the point where the horizontal line representing a tempered 
hardness of 33 Rockwell C intersects a line parallel to, but very slightly 
below, the line for Rm — Rq = 0. 

However, assume that the 8645 steel had been oil quenched as a 
3-in. diameter section with a quenched center hardness of 35.2 Rockwell 
C, and that it was tempered to 33 Rockwell C. The impact strength 
would then be represented in Fig. 9.14 by the intersection of the hori- 
zontal line for 33 Rockwell C and an imaginary line drawn parallel to 
the other lines in the diagram at an estimated Rm—Rq = 23.5. The steel 
would have an estimated Izod impact strength of 35 ft-lb. or a loss of 
about 17 ft-lb. due to incomplete hardening. The loss in impact 
strength due to incomplete hardening, that is, the value for the expres- 


sion 


(Rm-RqY'^^ 

100 


in the above formula, may be estimated directly from 


Fig. 9.15. For example, if /?Af“-/2o=23.5, the horizontal line for this 
value intersects the solid curved line at a point representing a value on 
the abscissa of about 17 ft-lb. 


It should be emphasized that this method of estimating Izod impact 
resistance is applicable only to fine-grained alloy steels and that the 
impact strength of carbon steels and coarse-grained steels cannot be 
reliably predicted. As stated in a previous paragraph, the accuracy 
is low. 


9.9. Temper Brittleness 

Temper brittleness is an ailment that develops rapidly only in some 
low-alloy steels and with some treatments. If susceptible steels are 
tempered for a short time in the range of 800 to 1200°F. (425 to 650°C.) 
and slowly cooled, they may become brittle, as indicated by the impact 
test, but if they are water quenched from the tempering temperature, 
they will be tough as shown in Fig. 9.16. Hollomon,^^ who recently 
reviewed the subject, pointed out that steels that are apparently not 
susceptible in tests at room temperature may be temper brittle at very 
low temperatures, and they will show embrittlement at higher subzero 
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Tempering fempcrafure,deg. F. 
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Tempering temperature, deg. C. 


Fui. 9.16. Effect of cooling rate in avoiding temper brittleness after tempering 
a susceptible steel in the critical temperature range. {HoUomon.y^ 

temperatures than steels not subject to this defect. This is of special 
interest for aircraft and other equipment operating at low temperatures. 
The embrittlement seems to result from a precipitation phenomenon, 
and practically all low-alloy steels are affected after long tempering in 
the temperature range where they are sensitive. Molybdenum is 
helpful in reducing the susceptibility that develops during short tem- 
pering treatments; and the total alloy content, according to Hollomon, 
increases susceptibility in proportion to the increase in hardenability 
that results from a higher total percentage of alloying elements. 

The low-temperature brittleness accompanying temper brittleness 
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was studied by HoUomon and his associates.^® A nickel-chromium 
(3135) steel was quenched in water from 1600°F. (870°C.) and tempered 
at lllO^F. (600®C.). All of the specimens were water quenched from 
the tempering temperature and some of them were reheated to 850°F. 
(455°C.) — the embrittling temperature — for periods up to 500 hr. Both 
the embrittled and non-embrittled specimens had approximately the 
same tensile properties and hardness, and there was practically no 
difference in the endurance limit. The effect of the embrittling treat- 
ment on the Charpy (V-notch) impact resistance is indicated by the 
data in Table 9.1. 

Table 9.1. Effect of Temper Brittleness on the Impact Resistance of Quenched 
and Tempered 3135 Steel at Various Temperatures* 


Testing temperature 

Charpy impact value, ft-lb. 

°F. 

°C. 

Not brittle 

Brittle 

390 

200 

95 

95 

210 

100 

95 

78 

120 

50 

97 

25 

Room 

Room 

93 

20 

32 

0 

100 

15 

- 40 

-40 

80 

10 

-112 

-80 

38 

8 


* HoUomon, Jafife, McCarthy, and Norton.^® 


9.10. Notch Toughness and Hardenability 

The normal notched-bar impact strength of steel is seriously reduced 
in imperfectly hardened steels. As postulated by Grossmann,®® the 
presence of ferrite in the structure is probably a major cause of the low 
impact strength. Crafts and Lamont^® found that the Izod impact 
strength of fine-grained alloy steels was inversely proportional to the 
tensile strength for all degrees of hardening (see also Fig. 9.11), but that 
the level of impact strength became increasingly lower as the initial 
hardness or the proportion of martensite decreased. It was also found 
that coarse grain size may lower the impact strength of incompletely 
hardened steel by a large amount. Very fine grain size tends to give 
higher values than most of those indicated in Fig. 9.11. Elements such 
as phosphorus are harmful, and data on steel castings’'^ indicate that 
sulphur is also detrimental. Boron is beneficial to the extent that it 
increases the percentage of martensite in quenching, but in incompletely 
hardened steels it may be harmful to impact resistance. With the 
exception of nickel, which increases toughness in unhardened steels and 
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at low temperatures, the usual alloying elements have no marked 
specific effects on the normally expected impact strength (see Fig. 9.11), 
so that, aside from temp)er brittleness and impurities, the composition 
of fine-grained low-alloy steels is significant only as it affects harden- 
ability and resistance to tempering. It should be noted that, although 
carbon is no exception to this rule, high carbon tends to lower the 
attainable impact strength by raising the hardness without increasing 
the degree of hardenability correspondingly. Plain carbon steels are 
erratic and their impact strength cannot be predicted with the reliability 
that has been found for most low-alloy ^steels. 

Hollomon and associates'^ recently studied the effect of incomplete 
hardening on the impact resistance of two 0.35 per cent carbon low- 
alloy (3135 and 8735) steels. Specimens were quenched at rates that 
resulted in structures of martensite, martensite plus bainite, and mar- 
tensite plus pearlite. They were then tempered to a tensile strength 
of 125,000 lb. per sq. in. Charpy impact data at various temperatures 
are collected in Table 9.2. The effect of incomplete hardening during 
quenching is clear; even on testing at room temperature this effect is 
readily apparent. 

Table 9.2. Effect of Incomplete Hardening on the Impact Resistance (Charpy 
V-notch) of Two Low-Alloy Steels at Various Temi)eratures* 


Testing temperature 

Charpy impact value, ft-lb., for a 
quenched structure of 

°F. 

°C. 

Martensite 

Martensite 
plus bainite 

Martensite 
plus pearlite 

390 

200 

108 

84 

60 

210 

100 

109 

88 

58 

120 

50 

112 

88 

60 

Room 

Room 

107 

92 

46 

32 

0 

110 

42 

38 

- 40 

-40 

102 

22 

18 

-112 

-80 

97 

16 

12 


“Hollomon, Jaffe, McCarthy, and Norton.^® 


9.11. Significance of Impact Properties 

The significance of notched-bar impact strength is not obvious and 
it has not been generally accepted as a specified or standard test. It is 
generally not capable of being utilized in design as are tensile strength 
and other directly related properties, so that, except in a few cases, such 
as for steel for low-temperature service, the value of impact strength 
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has not been correlated satisfactorily with serviceability. In sections 
such as armor plate where ability is needed to absorb great loads with 
deformation but without failure, the advantage of high impact strength 
is obvious. Intuitively, it is felt that some toughness is desirable 
for most steel applications even though failure in machine parts 
is usually by fatigue. There appears to be some justification for this 
feeling in hard steels and in brittle steels. Iliegeb^®* found that 
service failures increased when the impact strength dropped below a 
certain level. There has also been some indication that tougher steels 
are somewhat more resistant to fatigue in the presence of notches. 
Although the evidence is sparse and questionable, there is probably 
some relation between low impact strength and poor fatigue life. Quite 
possibly, the relation is indirect and is the result of other common causes, 
such as massive ferrite in the microstructure. As the testing tempera- 
ture is lowered to below room temperature, there is an abrupt reduction 
in impact resistance (see Table 9.2) and a sudden change in the character 
of the break from one that is ductile to one that is brittle. Recent 
thought has been in the direction that this transition temf)erature where 
the steel becomes brittle under impact is more significant than the actual 
impact value and that the transition temperature should be appreciably 
lower than the minimum temperature the steel will encounter in service. 

Impact strength reflects incomplete hardening and, with other factors 
held constant, is a rough index of hardenability. In addition, it reflects 
other qualities, such as grain size. With steels made under close com- 
position control, and with hardenability and grain size specifications, the 
impact test is roughly predictable and a specification is probably not 
necessary to insure freedom from brittle steel. In Great Britain, where 
neither chemical composition, nor hardenability, nor grain size is rigidly 
specified, it is rational to utilize an impact-strength specification in order 
to insure the desired quality in the steel. Use of such a specification in 
Great Britain^^ has been considered to be very successful. Carbon 
steels, it should be remembered, are not sufficiently consistent to permit 
prediction of impact strength, and there is no substitute for the test itself. 
Its limitations should, however, be clearly recognized. 

Although the significance of the notched-bar impact test is open to 
question, it indicates the capacity of a steel to absorb strain under the 
constraint imposed by complex stresses to a more effective degree than 
do elongation and reduction of area in the tensile test. The impact 
test has, therefore, been preferred, in comparison with the tensile test, 
as the more sensitive criterion of ductility. Inasmuch as the need for 
some ductility is generally recognized, it would seem that hardness alone 
is inadequate as a criterion of serviceability. In order to provide a 
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definite limit to useful hardness, it seems reasonable that impact 
strength be used as a measure of limiting ductility. While the ultimate 
significance of this criterion may be questioned, the evaluation of 
tensile strength at comparable levels of impact strength provides a 
basis for estimating the desirable degree of hardenability in the selection 
of steel. 

9.12. Fatigue Strength 

Fatigue strength under repeated loading is usually considered to be 
proportional to tensile strength. If smooth unnotched specimens are 
considered, the fatigue strength of steel (endurance limit) is usually in 
the range of 35 to 65 per cent of the tensile strength, and Sisco^^’ recom- 
mends that the engineer should use 40 per cent of the tensile strength, 
although the average expected value is nearer to 50 per cent. Steels 
with a tensile strength higher than 250,000 lb. per sq. in. may have 
relatively low fatigue strength; in fact, values for an endurance limit of 
more than 100,000 lb. per sq. in. are rarely reported. The endurance 
limit of notched bars and of bars with a rough surface is much lower, 
and design notches, machining notches, etching, electroplating, and cor- 
rosion should if possible be avoided. Peterson^^^ has suggested that 
fine-grained steel is more notch sensitive in fatigue than coarse-grained 
steel, but this conclusion is at variance with so many other advantages 
of fine-grained steel that it is felt that confirmatory evidence is needed. 
It is usually considered that a steel whose structure is tempered mar- 
tensite is less sensitive to notches and has a higher endurance ratio 
than steels containing incompletely hardened structures, especially at 
high strength levels. 

As the endurance limit is more or less proportional to the tensile 
strength, any lowering of hardness can be expected to have a significant 
effect. Thus, articles with soft decarburized surfaces are likely to have 
a low fatigue life. In partially hardened steel, the first constituent to 
appear is usually ferrite, and, as it is soft, it may lead to a local weakness 
and premature failure. Precipitated compounds such as carbides or 
inclusions in the structure may provide notches for stress concentration. 
Thus, any structural inhomogeneity may be deleterious and should be 
avoided as much as possible. There is also some indication that elements 
with a strong tendency to segregate, such as manganese, may con- 
tribute to low fatigue strength. 

In general, however, the fatigue strength of a quenched and tempered 
low-alloy steel is not so structure sensitive as the impact resistance 
or the elongation or reduction of area. Hollomon and associates^® 
found a practically straight-line relation between yield strength (for 0.1 
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per cent elongation) and the endurance limit regardless of whether the 
structure as quenched was entirely martensite, martensite plus bainite, 
or martensite plus pearlite. Since yield strength depends to a con- 
siderable extent on quenched structure, the ratio of endurance limit to 
tensile strength may deviate from the usual 50 per cent, depending on the 
amount of martensite in the structure as quenched. For a low-alloy 
steel with a tensile strength of 125,000 to 130,000 lb. per sq. in., 
Hollomon and coworkers^® found endurance ratios of about 57 per cent 
for a quenched structure of martensite, 53 per cent for martensite plus 
bainite, and 48 per cent for martensite plus pearlite. 

Fatigue life is subject to so many factors that it is impossible to do 
more than point out some of these. Decarburization lowers the endur- 
ance limit so that it is proportional to the tensile strength equivalent to 
the carbon content at the surface. Decarburization is particularly hard 
to control in springs, and fatigue failures are relatively common if the 
springs are highly stressed. Certain steels, notably the vanadium and 
high-silicon types, are responsive to the furnace atmosphere in heating, 
so that after heat treatment in mildly reducing atmospheres their fatigue 
life is greatly increased in comparison with their life after treatment in an 
oxidizing atmosphere.’® Protective atmospheres tend to reduce oxida- 
tion, but according to Funk and Von Ludwig,^ apparently perfect 
protection stiU leaves an undesirable surface condition. Grinding 
may leave a detrimental residual tensile surface stress. Almen^ has 
forcibly brought out the advantages of shot peening, which produces a 
compressive surface stress and thereby increases the endurance limit. 
A similar advantage resulting from the use of shallow-hardening, 
nitriding, and carburizing steels has been described in Chapter 5. The 
presence of any weak component of the structure, such as ferrite, has 
been found to be so harmful that a wholly martensitic as-quenched 
structure is believed to be essential to maximum fatigue strength. 

9.13. Summary 

All of the strength-dependent properties are predictable with some 
degree of accuracy. Fatigue strength is the least amenable to quanti- 
tative treatment, but it is probably at least as structure sensitive as 
yield strength. Experience has indicated that some degree of capacity 
for deformation results in better service even in applications where such 
capacity is not an obvious requirement. Of the measures of ability to 
absorb energy, elongation and reduction of area are relatively insensitive 
as they are measured under a nearly uni-axial loading, in which the steel 
has the greatest opportunity to deform gradually rather than to fail 
abruptly. The notched-bar impact test, on the other hand, is designed 
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to approach the more restrained condition of tri-axial loading that is 
commonly found in service. It is, therefore, considered that impact 
strength is the most suitable available criterion of capacity for deforma- 
tion and that it can be used effectively to evaluate the requirements of 
minimum hardenability and maximum tensile strength for the purpose 
of selecting a steel suitable for the intended service. 

Considerable evidence is now available to show that all of the struc- 
ture-sensitive mechanical properties— yield strength, endurance limit, 
elongation and reduction of area, and resistance to single-blow impact — 
are improved and attain their optimum values if the steel as 
quenched has a structure consisting almost wholly of martensite. For a 
given tensile strength, at least between 100,000 and 200,000 lb. per sq. 
in., steel having a structure consisting of martensite and bainite has 
after tempering a lower yield ratio, a lower endurance ratio, lower 
elongation and reduction of area, and a lower impact resistance than if 
the quenched structure is entirely martensite, but the properties of steels 
with such structures are considerably superior to those whose quenched 
Structure contains much pearlite. In general it is, therefore, advisable 
to select a steel with sufficient hardenability so that the as-quenched 
structure at the center of the bar will not contain appreciable quantities 
of pearlite. 



CHAPTER 10 


FACTORS IN THE 
SELECTION OF STEEL 

There are many factors 

that must be considered in the selection of a carbon or low-alloy steel 
that is to be used for a stressed part in a structure or machine. The 
principal ones are, of course, reliability and economy. Reliability 
depends largely on the mechanical properties that will meet the require- 
ments in service, and these depend in turn on composition, heat treat- 
ment, hardenability, and other factors. Reliability also depends on 
quality, which in turn depends on the control of a number of variables 
in manufacture and processing. 

The economy depends in part on the heat treatment necessary to 
secure the desired mechanical properties and on the first cost, which 
depends on composition, melting, refining, and further processing. It 
also depends, and very importantly too, on the ease or difficulty of 
fabricating the part by machining, welding, or a number of other 
operations. 

It is evident from the foregoing that the selection of the best and most 
economical steel for any specific engineering use where relatively high 
stresses are encountered is exceedingly complex and. consists of con- 
sideration of so many tangibles and intangibles that each step in the 
process of preparing a finished steel article for use, as well as the history 
of the material, must be studied individually and the several variables 
must be integrated by skill of a high order. Some of the factors may be 
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evaluated with a measurable degree of accuracy, others are entirely 
qualitative, and many are unrecognized. Experience and intuitive 
judgment may be aided by application of known factors, but practical 
art is still dominant in spite of our massive but fragmentary knowledge 
of the behavior of steel during processing and subsequent fabrication. 
The object of the following discussion is to coordinate some of our 
knowledge in a form that will facilitate the selection and heat treatment 
of steel. 

10.1. Factors to Be Considered in the Selection of Steel 

The opportunity to select a steel implies that there are a number from 
which to choose. Of the many significantly different chemical composi- 
tions available the requirements of a given application limit the choice 
to a certain group of steels. If, for example, the part is to be subjected 
to wear, it must be hard, especially at the surface, and the choice is 
limited to high-carbon, carburizing, or nitriding steels. If the section 
is small, carbon steel may ’be adequate with a water quench. If the 
section is relatively large, alloy steel is necessary and the carbon con- 
tent is limited by the tendency of the steel to crack when drastically 
quenched. If only load-carrying ability is required, the serviceable 
strength may be dependent on resistance to shock. The required 
dimensions, strength, and toughness define the necessary degree of 
hardenability and this defines the total effective content of alloying 
elements. Then, from a small number of steels that are similar in 
character on the basis of reliability and on the basis of the cost of 
processing into the finished article, a specific composition may be 
selected. 

The preceding chapters have outlined methods for producing desired 
microstructure, strength, and toughness by control of heating, harden- 
ing, and tempering. Nearly always heating is controlled by con- 
venience and cost, so that the rate and method of heating are of great 
commercial but relatively little technical importance. There are some 
exceptions to this; for example, induction heating or flame heating or 
carburizing may be used where gradients of temperature or of composi- 
tion are desired. In cooling from above the critical temperature, how- 
ever, the temperature-time cycle is all-important. The types of micro- 
structure that may be developed in different temperature ranges by 
isothermal transformation and by continuous cooling at various rates 
have been qualitatively determined for different steels. Treatments of 
great practical value, such as isothermal annealing for machinability, 
austempering to produce high strength and toughness in certain sections 
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of high-carbon steels, and martempering to avoid quench cracking, as 
well as many other interrupted-quenching procedures, are used com- 
mercially. 

Correlation of isothermal transformation with respect to hardening 
during continuous cooling has not yet reached a quantitative status, 
but quenching velocities have been evaluated in terms of the resulting 
martensite structure and hardness. The conception of the ideal or 
infinitely fast quench has served as a basis for comparison of standard- 
ized hardenability tests so that the hardenability of a steel or of a 
hypothetical composition may be determined readily. The approxi- 
mate relationship between the degree of hardening obtained on quench- 
ing and the strength and toughness of steels in the tempered condition 
has also been determined. Thus, it is possible to predict roughly, but 
accurately enough for most purposes, the primary properties that may 
be produced in the finished article. Tensile strength may be estimated 
within about 15,000 lb. per sq. in. if the composition, quenching rate, 
and tempering treatment are carefully controlled. A comparable error 
may also be expected from inescapable variations in the composition 
of commercial steel and from lack of control of the rate of quenching. 
Although the accuracy of such control leaves much to be desired, a 
first approximation of the tensile strength is now possible and is essential 
as a primary factor in steel selection because many of the other qualities 
may be expressed most readily as a function of tensile strength. 

In low-alloy steels, properties such as yield strength, elongation, 
reduction of area, and notched-bar impact resistance are approximately 
the same at one tensile-strength level regardless of composition and heat 
treatment, provided the steel has been quenched to a wholly martensitic 
structure and provided there are no internal stresses of consequence 
present. This similarity of properties also demonstrates that, in fully 
hardened steel, one alloying element may be substituted for another 
without changing the relation. This corollary is essential to the free- 
dom of selection of steels on the basis of hardenability. In incompletely 
hardened steels an analogous similarity of properties in different types 
of alloy steels has been assumed when the degree of partial hardening is 
the same. The validity of the substitution principle was generally con- 
firmed in practice during World War II when the so-called National 
Emergency (NE) steels were used successfully in place of those contain- 
ing strategically critical alloying elements. The only unsuccessful sub- 
stitutions of NE steels for the older materials were in cases where the 
compositions were unbalanced with respect to some of the fabricating 
properties. Because of the validity of the substitution principle, it is 
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possible to group the steels according to hardenability and according 
to the resulting properties developed by heat treatment. 

After selection of a group of steels that is suitable for developing the 
desired final properties, a further elimination can be made of those 
steels that give disproportionate difficulties in processing. Some steels 
may decarburize too readily, some may be difficult to anneal, some may 
machine with difficulty, some may be prone to abnormal brittleness, 
some may tend to warp or crack during quenching, and some may be 
difficult to heat treat consistently. These characteristics will be dis- 
cussed more fully. Although they are not easy to evaluate, they may 
be vitally important to the quality and the cost of the finished article. 
The first cost of the steel is always important, but the cost of processing 
and the reliability of the product must always be considered if the most 
economical production is to be realized. Finally, if after consideration 
of the {pertinent fac^tors there is more than one steel left to choose from, 
the ultimate choice depends primarily on first cost. The success of 
economical selection depends on the degree to which sound principles are 
followed and accurate data utilized, and the outline in the following 
sections is designed to facilitate such an evaluation. 

10.2. Properties Affecting Serviceability: Full Hardening 

The degree to which the optimum potential properties of a steel may 
be realized depends perhaps more upon the degree to which complete 
hardening is attained during quenching than upon any other factor in 
the treatment of steel. Fully hardened wholly martensitic steels have 
the highest hardness after quenching and also the highest combinations 
of tensile strength with yield strength, ductility, and toughness' after 
tempering. The same combinations of optimum properties can be 
obtained in heat treating steels of different alloy combinations and can 
be produced consistently. The martensitic structure is, therefore, a 
convenient and reliable basis for evaluation of less completely hardened 
structures and is considered as a standard representing optimum quality. 

If the steel is overquenched* or the martensite reaction is not com- 
pleted at room temperature, the as-quenched hardness may be relatively 
low owing to the presence of austenite, and the tempered hardness may 
be higher than desired owing to austenite transformation during tem- 
pering. This tendency to retain austenite is noticeable in some auto- 
motive carburizing and heat-treating steels. To some degree it is 
proportional to hardenability, but it tends to become more noticeable 

’"Colloquialism signifying that the martensite is contaminated by considerable 
retained austenite. 
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in steels containing relatively high nickel and manganese. The corre- 
sponding less-than-maximum hardness can be seen near the water- 
quenched end of Jominy bars. It is objectionable in gears that must 
retain their dimensional accuracy in service, and it may explain some 
of the premature failures of steels containing much more than the 
necessary alloy content. 

10.3. Properties Affecting Serviceability: Incomplete Hardening 

Incompletely hardened steels have a quenched structure that is only 
partially martensitic and, when tempered, they are not only lower in 
strength but disproportionately lower in respect to other properties 
than fully hardened steels. It is, therefore, necessary to sacrifice more 
than a corresponding amount of strength in order to obtain an adequate 
degree of ductility and toughness. The as-quenched hardness of incom- 
pletely hardened steel is obviously lower than that of fully hardened 
steel and, in general, the same is true after tempering. There is an 
important exception to this statement, illustrated by Fig. 8.5 (p. 153), 
in which the hardness of tempered Jominy specimens is shown to reach 
a maximum after tempering at the points corresponding to about 90 
per cent martensite near the “shoulder’^ of the Jominy curve. At 
points near the water-quenched end the steel may soften to as much as 
5 Rockwell C less than at the point of maximum tempered hardness. 
Between the 50 and 90 per cent martensite location in the upper part 
of the Jominy curve gradient, the hardness after tempering at low tem- 
peratures may actually be higher than after quenching. Steels in this 
condition are hard but deficient in ductility, so that they are generally 
unsuitable for most engineering applications. After tempering above 
800°F. (425°C.), the steels containing approximately 90 per cent mar- 
tensite as quenched may have relatively high combinations of strength 
with ductility and toughness. However, the non-martensitic consti- 
tuent is usually ferrite, and, if so, the fatigue strength is likely to be low. 
Thus the apparent advantage of submartensitic structures is question- 
able. Further, it is virtually impossible to design a useful steel article 
of a sufficiently uniform section, to purchase steel of sufficiently accu- 
rately controlled hardenability, or to control the quenching rate closely 
enough to take advantage of whatever benefit might be derived from 
this submartensitic structure. 

In spite of the desirability of selecting steels that will harden fully, 
there are many applications in which the need of maximum properties 
has not been demonstrated. These require only a certain amount of 
tensile strength to carry the applied loads with enough yield strength 
to withstand occasional overloads, enough fatigue strength to stand 
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the repeated loading imposed, and adequate toughness to avoid pre- 
mature or abrupt failure and to provide a “ cushion^ ^ permitting full 
development of the strength properties. Of these strength-dependent 
properties impact strength seems to be the most critical one, and it 
is considered to be the basic quality that is essential to serviceability for 
a number of applications. This may seem arbitrary and academic, but 
the predictions using this conception agree surprisingly well with com- 
mon usage based on experience. 

10.4. Factors Affecting Hot Working 

A thorough survey of the factors involved in securing the desired 
mechanical properties is only one phase in the selection of a satisfactory 
steel for a specific application. It is also usually necessary to forge, 
machine, and heat treat the article in an economical manner. This is a 
vague and abstruse problem that at present defies quantitative solution; 
it is, therefore, only possible to note a few of the points that should be 
considered. Fortunately, there is a wealth of experience available in 
using the conunon carbon and low-alloy engineering steels in the design 
of machine parts and, unless the specified composition is abnormal or 
the design is extremely unconventional, none of these materials should 
give unusual trouble in forging. 

In hot working, the difference between the various low-alloy engineer- 
ing steels is small. Most of them are slightly more difficult to roll or 
forge than carbon steels; for example, the resistance of 0.40 per cent 
carbon low-alloy steel to deformation at high temperatures is about the 
same as that of unalloyed steel containing 0.60 to 0.70 per cent carbon. 
In addition, and because of the increased stiffness caused by the alloying 
elements, more care is necessary in the case of the low-alloy steels than 
for carbon steels not to forge at temperatures below the critical tem- 
peratures or internal ruptures may result. In the low-alloy grades 
difficulty in forging increases a little with increase in carbon content. 

The low-alloy steels differ considerably in their scaling characteristics; 
some, especially those containing molybdenum, scale freely and the 
scale drops off readily; others, especially those containing considerable 
nickel, scale freely but the scale is difficult to remove during rolling or 
forging. In general, however, none of the low-alloy steels are excep- 
tionally difficult to work and the extra precautions necessary in heating, 
rolling, or forging, or in other hot-processing operations, are not an all- 
important factor in the final cost or quality. 

The low-alloy steels also vary considerably in the extent to which 
they decarburize during heating for hot working. Decarburization is 
generally greater in steels containing nickel than in those containing 
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manganese, chromium, or relatively high silicon, but here again this is 
not a very important factor in final cost or quality. 

10.5. Factors Affecting Machining 

Machining is probably the most expensive operation in producing a 
finished steel part, and it is one of the most poorly understood. The 
work required to remove metal is of significant interest, and the diffi- 
culties of machining increase with hardness and strength more than with 
any other property. The ability to produce a cool broken chip and 
a smooth finish is usually of immediate concern, and these character- 
istics appear to be more sensitive than any others to the microstructure. 
Many heat-treating steels are made with a small amount of added 
sulphur to improve machinability and are benefited greatly even though 
the addition is small and the steel contains no more than 0.050 per cent 
sulphiur. 

Two types of structural conditions are preferred for machining low- 
alloy steels. In both cases a hardness of a little below 200 Brinell 
should be approached if possible. Much lower hardness is liable to 
result in tearing, and higher hardness requires slower speeds and results 
in short tool life. One desirable structure is a coarse pearlite and the 
other is a uniform distribution of fine spheroidal carbides. For most 
purposes the pearlitic type is preferred and is obtained by heating to a 
high normalizing temperature, transferring to a furnace at 1150 to 
1300°F. (595 to 705°C.), depending on the type of steel, and holding at 
that temperature for several hours or until transformation is completed. 

An isothermal anneal to produce pearlite is commonly used for car- 
burizing steels and for some of the lower alloy, higher carbon steels. 
Higher alloy materials and particularly fine-grained steels and some 
nickel-containing steels may be heated within the critical range and 
transformed isothermally to produce a desirable spheroidized structure. 
Generally, the higher alloy steels (3 to 6 per cent total alloy content 
including manganese), regardless of carbon content, require such a long 
treatment that they are submitted to a spheroidizing treatment which 
is usually a normalize or quench followed by tempering at a high tem- 
perature. The isothermal annealing treatment must be executed care- 
fully at the temperature determined by the type of steel. Grange^ 
has shown that in cycle annealing to develop pearlite, some low-alloy 
steels tend to give a broken carbide structure rather than well-defined 
lamellar pearlite. Coarse grain size is helpful in avoiding this structure 
and chromium-containing steels seem to be relatively easy to control. 
Some steels, notably chromium-vanadium carburizing steel, develop 
a similar structure on normalizing. In the vanadium steel, which is 
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normally fine grained, the grain-coarsening temperature is low enough 
so that normalizing from about 1700 to 1800°F. (925 to 980°C.) is 
effective in developing coarse grain size and good machining character- 
istics. Soft, readily machinable structures are developed with difficulty 
in deep-hardening manganese steels containing additional alloying 
elements, and in steel of this type machinability is improved by lowering 
the manganese content and at the same time increasing the amounts 
of the other alloying elements. ^ 

While machining at high hardness levels is difficult, it cannot always 
be avoided. The uncarburized parts of deep-hardening carburizing 
vsteels can be finish-machined after hardening if the maximum carbon 
content is not over about 0.12 per cent and hardness is not more than 
about 40 Rockwell C. Vanadium in these steels tends to reduce the 
maximum hardness of the core to a significant degree. Higher alloy 
steels are machinable with difficulty up to levels of somewhat more than 
400 Brinell. The chromium and molybdenum steels that tend to form 
bainite readily at subcritical cooling rates seem to machine more easily 
than those in which bainite formation is strongly repressed. Traces of 
martensite resulting from microsegregation add disproportionately to 
machining difficulties. Boron is unusual in that it adds little or 
nothing to the hardness of unhardened steel, so that boron steel is rela- 
tively softer after annealing or normalizing than a conventionally 
alloyed steel of the same hardenability and may be machined that much 
more readily. This quality is of special value in low-carbon steel where 
boron is extremely powerful and where large amounts of alloying ele- 
ments are required to obtain high hardenability. 

10.6. Other Important Variables in Processing 

In carburizing, there is a great difference among the commonly used 
low-alloy steels. In all carburizing it is generally true that the higher 
the carburizing temperature the higher is the carbon concentration in 
the case and the greater is the depth of case. Carbide-forming elements 
such as manganese, chromium, and molybdenum act in a manner similar 
to an increase of temperature, while nickel and silicon, which do not 
form carbides, tend to act in an opposite manner. The effects of the 
alloying elements, whether positive or negative, are additive so that 
carbon concentration and depth of case can be controlled by the com- 
position as well as by the heating cycle. Fine grain size tends to reduce 
the depth of case. In some low-alloy steels, especially those containing 
nickel, retained austenite may be present in the case after quenching 
so that low hardness (55 Rockwell C) may result. This is usually 
harmful but is sometimes considered to be beneficial for heavy-duty 
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gears in which dimensional accuracy is not needed. The residual 
austenite may be transformed to martensite by a suitable subzero 
treatment. 

In heating for hardening in oxidizing atmospheres, an inward diffusion 
of oxygen and an outward diffusion of the constituents of the steel result 
in decarburization and scaling. The presence of alloying elements 
affects the relative tendency to scaling and decarburization. Manganese 
and chromium tend to reduce decarburization, nickel tends to increase it, 
and variable tendencies have been observed with relatively high sili- 
con and with molybdenum and vanadium. Generally, the effect of com- 
position is quite small and unimportant as compared with the effects 
of even minor changes in the furnace atmosphere. 

Residual stresses, distortion, and cracking during quenching are 
problems that are controlled to a greater extent by factors other than 
the steel composition, provided major groups of sensitive steels are 
recognized as such and are eliminated. Although distortion may be 
produced by poor support of the article in the furnace and by irregular 
heating, the bulk of the trouble results from the volume increase accom- 
panying martensite formation during quenching. The volume change 
is greater at higher carbon contents, and the temperature of martensite 
formation is lower. Jaffe and Hollomon®^ have suggested that quench 
cracking is promoted by lower M, temperatures. Nickel steels are 
considered to be less sensitive than others to distortion and cracking 
in quenching on account of their lower austenitizing temperatures, 
but silicon alloy steels are also relatively free from distortion. Mixed 
grain size and abnormality in structure are undesirable. Deoxidation 
practice is significant in carburizing steels,^^ and characteristically dirty 
steels, especially those containing considerable manganese, tend to 
crack easily. Scott and Gray^^^ reported that rolling direction had an 
influence on distortion. Grossmann®^ has shown that residual austenite 
and controlled tempering could have a material influence on volume 
changes, and it has been implied that residual stress can be controlled 
in a similar manner. The most obvious factor is that the quenching 
rate is of great importance. Cracking and warping are greatest with 
water, less with oil, still less when the steel is quenched in molten salts, 
and are minimized in martempering^^s equalizing the distribution of 
temperature in the piece at a point just above the Af, temperature. 

Weldability is a property that must be considered for many applica- 
tions. It is a complex property and difficult to define. Much work has 
been done on the effect of carbon and the various alloying elements on 
weldability® and on the properties of the welded section, so much in 
fact that it cannot be covered here even sketchily. 
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In general, any of the low-alloy steels can be welded without danger 
of cracking or warping and without prior or subsequent heat treatment 
if the carbon is low — not over 0.15 or 0.18 per cent — and if the steel is so 
shallow hardening that the rapid cooling in and adjacent to the weld 
does not produce any appreciable amount of martensite or hard bainite. 

If the metal at and near the weld becomes hardened in welding, 
either because the carbon is too high or because the alloying elements 
present induce hardening at the cooling rate normal for the prevailing 
welding conditions, warping or cracking will occur unless the sections 
to be welded are preheated to 400 to 1000°F. (205 to 540°C.) — depending 
on the alloy content and the sensitivity of the steel — or unless they are 
subsequently reheated to relieve stresses or both preheating and stress 
relieving are employed. 

10.7. General Principles for the Selection of Steel 

The qualities affecting the serviceability of steel are all related to or 
dependent on carbon content, grain size, and hardenability. Under 
normal conditions, carbon content and grain size are controlled by the 
requirements of the application and processing methods. As far as the 
final tensile and related properties of the steel are concerned, any one of 
the common alloying elements may usually be substituted for another. 
If there are no specific conditions, the selection of the alloying elements 
to be used may be determined by cost, availability, or personal prefer- 
ence. 

The process of determining the potentialities inherent in a given steel 
is simply a matter of making the calculations described in earlier 
chapters. The process of designing some definite article from a specific 
steel according to over-all requirements is a reversal of the scheme and 
may not be so simple. It can be assumed that the desired article has 
certain dimensions and that it will be quenched at a certain rate based 
on critical locations in the article where controlled properties will be 
required. If the required strength is low, the section is small, and 
service conditions are not severe, a steel that can be quenched in water 
might be selected. In this case, full hardenability is not expected or 
required, and a low-alloy steel will probably be adequate; but to avoid 
cracking in water quenching, the carbon content should not exceed 
about 0.35 per cent. If more severe conditions are imposed in service, 
and more hardness without cracking is required, it is necessary to quench 
in oil or molten salt. The carbon should be higher but probably not 
much over 0.50 per cent except for simple sections. With the carbon 
content and rate of cooling (the quenching medium) established, the 
calculating procedure may be started. 
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The required degree of hardening must be estimated from the severity 
of service. If maximum reliability is needed, the steel must be fully 
hardened in quenching and tempered at a temperature high enough to 
develop adequate ductility and toughness as well as whatever other 
properties are required. If the service is less severe, some compromise 
may be indicated. The degree of quality may be expressed as harden- 
ability in terms of percentage of martensite or the difference between 
maximum potential hardness and estimated as-quenched hardness. 

If the ideal critical diameter system is followed, the severity of quench 
and the bar diameter in Fig. 5.8 or 5.9 (pp. 94 and 95) may be used to 
estimate the ideal diameter needed. The desired percentage of mar- 
tensite can be converted to ideal critical diameter for 50 per cent mar- 
tensite by the Hodge and Orehoski^^* relation. Field's relation 
between ideal critical diameter and hardness (Fig. 7.1, p. 129) will give 
the quenched hardness, and Wellauer’s^^® charts (Figs. 8.21 to 8.23, 
pp. 167 to 171) will indicate roughly the appropriate tempering tempera- 
ture for the desired strength. If the indicated hardness or temperature 
is too low, it is obvious that a higher percentage of martensite and, 
therefore, a steel with higher carbon or a more highly alloyed steel with 
greater hardenability will be required to obtain the desired final hardness. 
When the necessary ideal critical diameter and the carbon content (and 
grain size) are known, it is po.ssible to use Grossmann's method for cal- 
culating compositions that will give the desired ideal critical diameter. 
Instead of calculating a composition, however, it is much more desirable, 
and easier, to refer to published Jominy curves in order to select a steel. 

If the Rockwell C addition method for calculation is followed, the 
difference between the potential maximum hardness for the selected 
carbon content and the desired as-quenched hardness at the appropriate 
cooling rate or Jominy depth may be utilized, together with the carbon 
content, to estimate the total alloy units from Figs. 7.4, 7.6, 7.7, and 7.8 
(pp. 133 to 137). Reference to Fig. 9.14 (p. 200) will indicate whether 
the combination of as-quenched and final hardness will permit develop- 
ment of adequate toughness. With the total alloy units necessary the 
composition is selected and the tempering temperature may be calcu- 
lated from as-quenched hardness and composition by Figs. 8.12 to 8.17 
(pp. 160 to 164). 

10.8. Selection of a Steel of Non-Standard Composition 

In working out an alloy-steel composition, it is necessary to use a good 
deal of judgment. Manganese alone is commonly used in amounts up 
to about 2 per cent, but efforts to combine high manganese with other 
alloying elements in deep-hardening steels usually give trouble in 
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annealing, by quench cracking, through retained austenite, and occasion- 
ally by poor toughness and fatigue resistance. It may also be difficult 
to retain a fine grain size in steels containing relatively high manganese. 
The manganese content must usually be scaled down and other elements 
must be added; hence, in medium- and deep-hardening steels the 
manganese is held below 1 per cent for reasons other than hardenability 
considerations. Silicon is usually present in the amount of 0.25 to 0.35 
per cent, but it has been used very successfully up to 1 per cent and at 
2 per cent. However, hot shortness in rolling or forging may be 
developed if the steel contains between 1 and 2 per cent silicon. Nickel 
is commonly used up to 5 per cent, although poor surface quality and 
some difficulties in annealing may be encountered with high nickel per- 
centages. Chromium is used up to somewhat over 1 per cent in open- 
hearth steels and at higher levels in electric-furnace steels. The limita- 
tion has been the ability of open-hearth steel to absorb the cold alloying 
metal, and the introduction of exothermic ferrochromium ladle-addition 
agents is helpful in producing higher chromium steels. Steels con- 
taining over 2 per cent chromium require relatively high quenching 
temperatures, and the same is true if more than 0.50 per cent molyb- 
denum is present. Boron-treated steel should be used only when the 
steel is to be fully hardened in quenc^hing, and it should be avoided for 
sections that are to be welded. 

The relative cost of alloying elements in terms of hardenability is 
difficult to evaluate from the Grossmann multiplying factors. In the 
first place, the individual multiplying factors and the interrelation of 
alloying effects are still in question so that relative differences may be 
subject to considerable error. Hostetter®^ derived a method in which 
the cost of successive increments of each alloying element was evaluated 
by means of straight-line multiplying factors. Using the then current 
1945 prices of $0.13 per lb. of chromium, $0.80 for molybdenum, and 
$0.30 for nickel, and assuming recoveries of 80, 90, and 95 per cent, 
respectively, he estimated that chromium was cheaper than molybdenum 
up to 0.40 per cent chromium, and that chromium and molybdenum 
together would be cheaper than nickel up to 0.77 per cent chromium 
and 0.18 per cent molybdenum. Hostetter arbitrarily used a chromium 
factor that was designed to be low enough to compensate for some of the 
deficiencies of chromium-molybdenum steels. If the multiplying factors 
determined by Crafts and LarnonU® are used in the Hostetter formula, 
chromium appears to be cheaper than molybdenum up to 1.5 per cent 
chromium. The application of this calculation demands more accurate 
factors than are now available, and the validity of the method is also 
thrown in doubt by the work of Kramer, Siegel, and Brooks®^ who found 
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that the Grossmann multiplying factors may possibly be most accu- 
rately expressed as curved lines. 

Estimation of the cost of alloying elements is quite complex and, since 
the cost of the alloying element itself is sometimes only a minor part of 
the cost of the steel, it may bear little relation to the over-all price of 
the part. There are several schemes for calculation, but it is necessary 
to assume a complete cycle including the alloy content lost in the scrap. 
Because it is difficult to segregate scrap, some assumption has to be 
made of the amount recovered. It is not uncommon to assume that 
only half the amount of alloying elements in the scrap is recovered, 
and some purchasing of segregated scrap has been based on half of the 
price for the contained recoverable element. Such an assumption seems 
a little extreme, and it is assumed here that two-thirds of the scrap is 
segregated and the alloying element recovered. A shipped-product yield 
of 65 per cent is assumed. To make a ton of product it would then be 
necessary to make 3080 lb. of ingot, of which 2000 lb. will be shipped, 
720 lb. will be segregated and recovered as alloy scrap, and 360 lb. will 
be lost. Recoveries in melting and refining may be assumed to be 
95 per cent for virgin additions of molybdenum and nickel with com- 
plete recovery from segregated scrap, 85 per cent for virgin chromium 
with 30 per cent recoverable from segregated scrap, 70 per cent for 
virgin manganese with 20 per cent recoverable from segregated scrap, 
and 95 per cent for silicon with no recovery from scrap. In a continuous 
cycle the alloying element recovered from segregated scrap is retained, 
so that only the virgin addition is charged to the alloy cost. The iron 
in the ferroalloy is credited at $30.00 per net ton. No allowance is made 
for residuals from other sources. The amount and cost of alloying 
addition necessary to produce 1 lb. per ton in the shipped product are 


Table 10.1. Amount and Cost of Alloying Addition to Produce One Product 
Ton Containing One Pound of Alloying Elements 


Allo 3 ring element 

Amount (lb.) of 

Cost ($) of 

Alloy 

in 

3080-lb. 

ingot 

Alloy 
recovered 
from 720 
lb. of scrap 

Virgin 

alloy 

in 

ingot 

Virgin 

alloy 

addition 

Alloy 
per lb. 
(net) 

1 lb. of 
alloy per 
ton of 
product 

Manganese, high carbon 

1.64 

0.07 

1.47 

2.10 

0.076 

0.168 

Chromium, high carbon 

1.64 

0.11 

1.43 

1.68 

0.160 

0.262 

Silicon, 60% Si 







ferrosilicon 

1.64 


1.64 

1.62 

0.063 

0.102 

Molybdenum 

1.64 

0.36 

1.18 

1.24 

0.80 

0.992 

Nickel 

1.64 

0.36 

1.18 

1.24 

0.36 

0.434 
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shown in Table 10.1 where Eastern United States prices as of mid-1947 
were used. 

The relative cost of the alloying elements with respect to harden- 
ability may be calculated directly by the addition method. The prices 
shown in Table 10.1 were used to estimate the cost of each alloying 
element per unit of Rockwell C hardness as indicated in Table 10.2. 
Obviously, on account of the martensite correction, the cost per actual 
Rockwell C number is too high, but the relative differences between 
alloying elements remain fixed in all conditions of heat treatment and 
at all levels of alloy content to which the addition method is applicable. 
In carburizing steels requiring low-carbon ferromanganese and ferro- 
chromium, the comparable alloy costs per ton per Rockwell C unit 
would be $0.54 and $0.48, respectively. 


Table 10.2. Relative Cost of Alloying Elements in Adding 1 Rockwell C Unit 
of As-Quenched Hardness 


Alloying element 

1 

Amount per 
Rockwell C 
unit, per cent 

Cost per ton 
per Rockwell C 
unit, $ 

Relative 
cost, $ 

Manganese 

0.0645 

0.204 

1.00 

Chromium 

0.0667 

0.336 

1.65 

Silicon 

0.20 

0.408 

2.00 

Molybdenum 

0.027 

0.536 

2.63 

Nickel 

0.182 

1.580 

7.76 



If the relative resistance to softening in tempering is considered, the 
cost of alloying under conditions in which the alloying elements exert 
their maximum effects is shown in Table 10.3. The last column shows 
the combined ratio of costs when both hardening and tempering are 
averaged with equal weight assigned to each. The costs for hardening 
in Table 10.2 would be more applicable in slightly tempered steel, and 


Table 10.3. Relative Cost of Alloying Elements in Resisting Softening by 1 
Rockwell C Unit during Tempering 


Alloying element 

Amount per 
Rockw'ell C 
unit, per cent 

Cost per ton 
per Rockwell C 
unit, $ 

Relative 
cost, $ 

Combined 
relative 
cost, $ 

Manganese 

0.40 

1.26 

1.00 

i.oo‘ 

Chromium 

0.19 

0.96 

0.76 

0.88 

Silicon 

0.22 

0.45 

0.36 

0.59 

Molybdenum 

0.06 

1.19 

0.94 

1.18 

Nickel 

0.77 

6.68 

5.30 

5.64 
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the costs for resisting tempering would be more significant in toughened 
steel. If both are equally significant, the minimum cost with respect 
to hardness would be achieved by adding successively silicon, chromium, 
manganese, molybdenum, and nickel as the hardenability increases and 
as the practical maximum for each element is reached. 

10.9. Selection of a Steel of Standard Composition 

Fortunately, it is not necessary to specify a new steel for every applica- 
tion as the standard SAE and AISI grades include a range of composi- 
tions that have been tested by the experience of many users and that 
are made in sufficient tonnage so that both producers and users are 
familiar with their characteristics. These steels with their composition 
ranges and hardenability-band limits are listed in Appendices I and II. 

The structure-dependent properties of a specific heat-treated low-alloy 
steel — hardness, tensile properties (including yield strength and such 
ductility factors as elongation and reduction of area), endurance limit, 
and impact resistance — depend primarily on hardenability and grain 
size, but additional knowledge is necessary to indicate how much 
strength (and related properties) can reasonably be expected of a steel 
of definite composition. Such knowledge includes, for example, details 
of the particular conditions under which the steel is quenched and 
tempered, and because these conditions may vary widely, it is certainly 
unsafe to generalize too broadly about the relation between composi- 
tion, thermal treatment, and properties, especially in regard to the 
various methods of calculating properties discussed elsewhere in this book. 

Despite the possibility of generalizing too broadly and of misin- 
terpreting the results such calculations have been made by the addi- 
tion method for the tensile strength and Izod impact strength to be 
expected in SAE and AISI steels after quenching and tempering bars 
of various diameters. The lower third of the specified range of alloy 
content was used for 0.20 to 0.50 per cent carbon steels with No. 8 
grain size, and residual amounts of 0.07 per cent chromium, 0.08 per cent 
nickel, and 0.02 per cent molybdenum were assumed to be present. 

Also included were steels designated as 2Cr00 (0.75 per cent man- 
ganese, 0.25 per cent silicon, and 1.50 per cent chromium) and 3Cr00 
(0.50 per cent manganese, 0.25 per cent silicon, 3.00 per cent chromium, 
and 0.50 per cent molybdenun\). Because of inadequate information on 
the effect of zirconium on as-quenched hardness, the values given for 
X9100* were calculated from actual Jominy curves.®^ Vanadium was 

*The cortiposition of X9100 is as follows: 0.60 to 0.75 per cent manganese, 
0.60 to 0.90 per cent silicon, 0.50 to 0.66 per cent chromium, 0.10 to 0.20 per cent 
molybdenum, and 0.10 to 0.20 per cent zirconium. 
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assumed to have no effect on as-quenched hardness, and vanadium 
steels may have less strength as calculated than that actually attainable. 
The calculations were based on a quenching severity of H = 0.35 for 
oil and H = 1.0 for water at the centers of round bars. Tempering time 
was assumed to be one hour at temperature per inch of diameter. 
As-quenched hardness was estimated by the addition method, and 
tempered hardness and tensile strength were calculated^® for a minimum 
tempering temperature of 800°F. (425°C.). These hardness values 
were used to estimate Izod impact strength. 

The results of the calculations are given in Tables 10.4, 10.5, and 10.6 
in which the interrelation of impact strength, tensile strength, and 
section size is indicated. The bracket of tensile strength in which each 
steel was grouped was determined by the requirements that the maxi- 
mum strength of the bracket and the indicated Izod impact strength 
could be obtained by tempering at 800°F. (425°C.) or higher. A temper- 
ing temperature of 800°F. was assumed to be the minimum for a reliable 
and consistent tempering treatment and, as the tensile-strength values 
approximate the maximum strength values attainable, the tables must 
be viewed with some reservation. The range of tensile strength in 
each bracket was chosen so that at a tensile strength over 140,000 lb. 
per sq. in., each bracket would correspond to a change of 10 ft-lb. in 
the Izod impact strength. Because the impact strength is less critical 
below 140,000 lb. per sq. in. tensile strength, the range of 15,000 lb. 
per sq. in. in each of the lower strength brackets was selected for con- 
venience. The Izod levels of 30 ft-lb. average (10 ft-lb. minimum) in 
Table 10.4, 40 ft-lb. average (20 ft-lb. minimum) in Table 10.5, and 
50 ft-lb. average (30 ft-lb. minimum) in Table 10.6 were selected for 
illustration because they appeared to be of the greatest interest. 

The steels shown in the top group of each table are all limited by 
impact strength and are calculated to be tempered at temperatures 
higher than 800°F. in order to lower the strength to a level consistent 
with the desired impact strength. All of the steels shown below the 
heavy line running through each table had more than the indicated 
impact strength after tempering at 800°F., so that the tensile strength 
shown is the maximum attainable with an 800°F. minimum tempering 
temperature. Similarly, in the intermediate groups, the strength of 
some of the steels was lowered for the sake of satisfactory impact 
strength while others required no adjustment. The steels shown in the 
highest group represent types that are essentially martensitic after 
quenching and for which the probability of obtaining the anticipated 
impact strength is quite good. In the lower groups, below the heavy line 
in Table 10.4, the steels are not completely hardened during quenching, 



Table 10 . 4 . Calculated Tensile Strength of Fine-Grained Quenched and Tempered — 800 °F. ( 425 °C.) Minimum Steels with 
30 ft-lb. Average (10 ft-lb. Minimum) Izod Impact Strength 
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Tabix 10.6. Calculated Tensile Strength of Fine-Grained Quenched and Tempered— 800°F. (425°C.) Minimum— Steels with 
50 ft-lb. Average (30 ft-lb. Minimum) Izod Impact Strength 
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and the possibility of less than anticipated toughness is greater. General 
experience has indicated that incompletely hardened steels may be 
erratic in ductility and toughness, and predictions of impact strength 
for steels below the heavy line should be applied with some reservations. 

The steels shown in Tables 10.4 to 10.6 may be classified according 
to their relative capacity for developing tensile strength and impact 
resistance in approximately equivalent groups at graduated levels; this 
classification is given in Table 10.7. Obviously, this grouping does not 
take into consideration factors such as abnormal composition, sensitivity 
to temper brittleness, tendency toward segregation, directional effects, 
inclusions, abnormal structure after heat treatment, difficulty of holding 
fine grain sizes, and difficulty of securing complete austenitization. 

Table 10.7. Relative Classification of Steels According to Tensile Strength and 
Impact Resistance 

Group Type of steel 

1 3CrOO 

2 3300 

3 4300 (except 4320), 9320 

4 QSnO 

5 4100* (except 4120, 4130), X9100 

6 2520, 3200, 4320, 4820 

7 2300, 4120, 4130, 8700, 9450, 9920 

8 1300, 3100, 4600, 5147, 5152, 8600 

9 5100 (except 5147, 5152), 6100, 9400 (except 9450) 

10 4000, 9700 

Although it has been indicated in previous paragraphs that many 
characteristics of steels, and particularly those that are important 
in processing the steel, may vary widely with composition, most of the 
standard steels have been found to be readily fabricated by normal 
methods. In this group of steels, it is possible, therefore, to apply 
the theory of substitution of alloying elements with more confidence 
than in the case of untried compositions. For this reason the costs 
of fabrication for different steels of a given degree of hardenability 
might be expected to vary less widely and a comparison of costs is of 
more practical value. Since the price of the steels is published and the 
approximate properties are estimated in the tables, a simple appraisal 
of cost can be made. Such an evaluation based on prices current in 
early 1947 is shown in Table 10.8. It is evident that in the low harden- 
ability ranges SAE 1300 is relatively cheap according to calculation and 
that, if its deficiencies cannot be tolerated, SAE 5140 and 8640 would be 
the least expensive alternatives. In intermediate ranges, SAE 4100 is 
relatively economical, and at higher levels the prices of the triple-alloy 
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Table 10.8. Classification of Low-Alloy Steels (0.40 per cent Carbon) According 
to Price and According to Strength for an Average Izod Impact Value of 30 ft-lb. 
(Table 10.4) 


Tensile strength, lb. per 

Designation of steels meeting the requirements in bar 

sq. in., after quenching 

sizes of the following diameters 

in still oil 





1 in. 

2 in. 

3 in. 

4 in. 

(H*0.35) 


4140 

4340 



170,000 to 190,000 

9840 




4340 





8640 

4140 

9840 

4340 

155,000 to 170,000 

8740 

9840 

4340 



2340 





1340 

8740 

4140 

9840 


5140 




140,000 to 155,000 

3140 





4640 




, 

6140 





4040 

1340 

8740 

4140 



8640 



125,000 to 140,000 


3140 





4640 





2340 





6140 

8640 


110,000 to 125,000 



4640 

2340 



2340 




5140 

1340 

1340 


• 

4040 

5140 

8640 

95,000 to 110,000 



3140 

8740 



6140 

3140 





4640 





6140 

80,000 to 95,000 



4040 

5140 



4040 


Price (1947) per pound of steel 


Steel 

Price, i 

Steel 

Price, ^ 

Steel 

Price, 

1340 

3.55 

4140 

3.95 

6140 

4.65 

5140 

3.55 

8740 

4.05 

4640 

4.70 

4040’ 

3.70 

3140 

4.20 

4340 

4.95 

8640 

3.95 

9840 

4.60 

2340 

5.40 
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SAE 4300 and 9800 steels are not disproportionate to their capacity to 
develop strength and toughness. Other steels must obviously have 
other values and advantages that outweigh hardenability considerations 
in order to justify their use. 

10.10. Summary 

It has been shown that methods have been developed for calculating 
all of the primary factors essential to the selection and heat treatment 
of steel. Selection requires first an appraisal of the service require- 
ments and interpretation into tangible mechanical properties. The 
most important property is tensile strength. Other qualities, such as 
yield strength, ductility, and toughness are related to tensile strength 
by hardenability. Estimation of the composition and heat treatment 
required to develop the desired tensile strength is accomplished by a 
series of simple calculations. It is possible by more or less mechanical 
calculation to arrive at a group of steels having similar qualities from 
which the choice is to be made. Further selection may be made by 
eliminating the steels that tend to give undue trouble in processing. 

If all of the tangible factors have been properly evaluated, the final 
selection is primarily dependent on the cost of the steel. In general, 
the cost of the most economical steels is proportional to hardenability 
or tensile strength attainable with toughness and to the amount and 
kind of alloying element used. In spite of the wide variety of available 
steels only one or two are outstandingly economical at each strength 
level. These compositions generally reflect the lower cost of man- 
ganese and chromium. Molybdenum and nickel are introduced in 
steels for use at high strength levels as the useful ceiling of the less 
expensive elements is approached and if exceptional properties are 
desired. The selection of steel costing more than the minimum per 
unit of hardenability must depend on factors that are not evaluated in 
the hardenability calculation. In almost all cases it is possible to draw 
on a background of experience pertaining to the performance of certain 
steels in similar applications, so that the calculations may be used on 
a comparative rather than on an absolute basis with much greater 
assurance of reliability. 
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APPENDIX I* 

Composition Limits of H Steels 


Table 1. H Steels — Chemical Composition Ranges — Electric-Furnace or Open- 
Hearth Steels — Bars, Billets, Blooms. The ranges and limits in this table apply 
only to material not exceeding 200 sq. in. in cross-sectional area, or 18 in. in width, 
or 10,000 lb. in weight, per piece. 


Steel 

designation. 

Chemical composition, per cent 

SAE 







or 

C 

Mn 

Si 

Ni 

Cr 

Mo 

AISI 

i 






1320H 

0.17-0.24 

1,50-2,00 

0.20-0.35 




1330H 

0.27-0.34 

1.50-2.00 

0.20-0.35 




1335H 

0.32-0,39 

1.50-2.00 

0.20-0.35 




1340H 

0.37-0.45 

1.50-2.00 

0.20-0.35 




2512H 

0.08-0.15 

0.35-0,65 

0.20-0.35 

4.70-5.30 



2516H 

0.11-0.18 

0.35-0,65 

0.20-0.35 

4.70-5.30 



2517H 

0.14-0,21 

0.35-0.65 

0.20-0.35 

4.70-5.30 



3310H 

0.07-0.14 

0.35-0.65 

0.20-0.35 

3.20-3.80 

1.35-1.75 


3316H 

0.13-0.20 

0.35-0.65 

0.20-0.35 

3.20-3.80 

1.35-1.75 


4130H 

0.27-0.34 

0.35-0.65 

0.20-0.35 


0.80-1.15 

0.15-0.25 

4132H 

0.30-0,37 

0.35-0.65 

0.20-0.35 


0.80-1.15 

0.15-0.25 

4135H 

0.32-0.39 

0.60-0.95 

0.20-0.35 


0.80-1.15 

0.15-0.25 

4137H 

0.35-0,43 

0.60-0.95 

0.20-0.35 


0.80-1.15 

0.15-0.25 

4140H 

0.37-0.45 

0.70-1.05 

0.20-0.35 


0.80-1.15 

0.15-0.25 

4142H 

0.40-0.48 

0.70-1.05 

0.20-0.35 


0.80-1.15 

0.15-0.25 

4145H 

0.42-0.50 

0.70-1.05 

0.20-0.35 


0.80-1.15 

0.15-0.25 

4147H 

0.44-0.52 

0.70-1.05 

0.20-0.35 


0.80-1.15 

0.15-0.25 

4150H 

0.46-0.54 

0.70-1.05 

0.20-0.35 


0.80-1.15 

0.15-0.25 

4317H 

0.14-4).21 

0.40-0.70 

0.20-0.35 

1.50-2.00 

0.35-0.65 

0.20-0.30 

4320H 

0.16-0.23 

0.40-0.70 

0.20-0.35 

1.50-2.00 

0.35-0.65 

0.20-0.30 

4340H 

0.37-0.45 

0,60-0.95 

0.20-0.35 

1.50-2.00 

0.65-0.95 

0.20-0.30 


•Data in Appendix I by courtesy of The Society of Automotive Engineers and 
American Iron and Steel Institute.'^^ 
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Table 1. (Continued) 


Steel 

designation, 

Chemical composition, per cent 

SAE 

or 

AISI 

C 

Mn 

Si 

Ni 

Cr 

Mo 

4620H 

0.17-0.24 

0.40-0.70 

0.20-0.35 

1.50-2.00 


0.20-0.30 

4640H 

0.37-0.45 

0.55-0.85 

0.20-0.35 

1.50-2.00 


0.20-0.30 

4812H 

0.10-0.17 

0.30-0.60 

0.20-0.35 

3.20-3.80 


0.20-0.30 

4815H 

0.12-0.19 

0.35-0.65 

0.20-0.35 

3.20-3.80 


0.20-0.30 

4817H 

0.14-0.21 

0.35-0.65 

0.20-0.35 

3.20-3.80 


0.20-0.30 

4820H 

0.17-0.24 

0.45-0.75 

0.2(H).35 

3.20-3.80 


0.20-0.30 

6140H 

0.37-0.45 

0.60-0.95 

0.20-0.35 


0.65-0.95 


6145H 

0.42-0.50 

0.60-0.95 

0.20-0.35 


0.65-0.95 


6150H 

0.46-0.54 

0.60-0.95 

0.20-0.35 


0.65-0.95 


6150H 

0.46-0.54 

0.60-0.95 

0.20-0.35 


0.80-1.15 

(0.15 min. V) 

8617H 

0.14-0.21 

0.60-0.95 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8620H 

0.17-0.24 

0.60-0.95 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8622H 

0.20-0.27 

0.60-0.95 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8625H 

0.22-0.29 

0.60-0.95 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8627H 

0.25-0.32 

0.60-0.95 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8630H 

0.27-0.34 

0.60-0.95 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8632H 

0.30-0.37 

0.60-0.95 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8635H 

0.32-0.39 

0.70-1.05 

0.20-0.36 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8637H 

0.35-0.43 

0.70-1.05 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8640H 

0.37-0.45 

0.70-1.05 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8641H^ 

0.37-0.45 

0.70-1.05 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8642H 

0.40-0.48 

0.70-1.05 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8645H 

0.42-0.50 

0.70-1.05 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8647H 

0.44-0.52 

0.70-1.05 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8650H 

0.46-0.54 

0.70-1.05 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8655H 

0.50-0.60 

0.70-1.05 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8660H 

0.55-0.65 

0.70-1.05 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.15-0.25 

8720H 

0.17-0.24 

0.60-0.95 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.20-0.30 

8736H 

0.32-0.39 

0.70-1.05 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.20-0.30 

8740H 

0.37-0.45 

0.70-1.05 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.20-0.30 

8742H 

0.40-0.48 

0.70-1.05 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.20-0.30 

8746H 

0.42-0.50 

0.70-1.05 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.20-0.30 

8747H 

0.44-0.52 

0.70-1.05 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.20-0.30 

8750H 

0.46-0.54 

0.70-1.05 

0.20-0.35 

0.35-0.75 

0.35-0.65 

0.20-0.30 

9260H 

0.55-0.65 

0.70-1.05 

1.80-2.20 




9261H 

0.55-0.65 

0.70-1.05 

1.80-2.20 


0.05-0.35 


9262H 

0.55-0.65 

0.70-1.05 

1.80-2.20 


0.20-0.50 


9437H 

0.35-0.43 

0.85-1.25 

0.20-0.35 

0.26-0.65 

0.25-0.65 

0.08-0.15 

9440H 

0.37-0.45 

0.85-1.25 

0.20-0.36 

0.25-0.65 

0.26-0.65 

0.08-0.16 

9442H 

0.40-0.48 

0.95-1.35 

0.20-0.36 

0.26-0.65 

0.26-0.66 

0.08-0.15 

9445H 

0.42-0.50 

0.95-1.35 

0.20-0.35 

0.25-0.66 

0.25-0.66 

0.08-0.16 


*Sulphur content 0.040-0.060 per cent. 
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Note 1. Phosphorus and sulphur on open-hearth steel to be 0.040 per cent max. 
each except where noted (*). 

Phosphorus and sulphur on electric-furnace steel to be 0.025 per cent max. each 
except where noted (*). 

Note 2. Small quantities of certain elements may be found in alloy steel which 
are not specified or required. These elements are to be considered as incidental and 
acceptable to the following maximum amounts: copper, 0.35 per cent; nickel, 0.25 
per cent; chromium, 0.20 per cent; molybdenum, 0.06 per cent. 

Note 3. The chemical ranges and limits shown in Table 1 are subject to the 
standard permissible variations for check analysis shown in Table 2. 


Table 2. Standard Permissible Variations from Specified Chemical Ranges and 
Limits Applicable to H Steels — Electric-Furnace and Open-Hearth Steels 


Elements 

Limit, or maximum of specified 
range, per cent 

Standard variation by size ranges 
as shown below: Per cent over 
maximum limit or under 
minimum limit 



100 sq. in. 
or less 

Over 100 to 

200 sq. in. 

Carbon 

To 0.30 incl. 

0.01 

0.02 


Over 0.30 to 0.75 incl. 

0.02 

0.03 

Manganese 

To 0.90 incl. 

0.03 

0.04 


Over 0.90 to 2.10 

0.04 

0.05 

Phosphorus 

Over max. only 

0.005 

0.01 

Sulphur 

To 0.60 incl. 

0.005 

0.01 

Silicon 

To 0.35 incl. 

0.02 

0.02 


Over 0.35 to 2.20 incl. 

0.05 

0.06 

Nickel 

To 1.00 incl. 

0.03 

0.03 


Over 1.00 to 2.00 incl. 

0.05 

0.05 


Over 2.00 to 5.30 incl. 

0.07 

0.07 

Chromium 

To 0.90 incl. 


0.04 


Over 0.90 to 2.10 incl. 

■BhI 

0.06 

Molybdenum 

To 0.20 incl. 

0.01 

0.01 

Over 0.20 to 0.40 incl. 

0.02 

0.03 

Vanadium 

Min. value only specified 
Check under spec. 

0.01 

0.01 
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End-Quench Hardenability Bands 


Table 1. Tabulation of Band Limits for Steels Containing 0.12 to 0.16 Per Cent 
Carbon 


Jominy 

2512 

2515 

3316 

4812 

4815 

UlHl 

Inches 

LiUllCC 

Six- 
teenths 
of an 
inch 

Rockwell C 

Rockwell C 

Rockwell C 

Rockwell C 

Rockwell C 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

A 

1 

43.0 

36.5 

44.5 

37.5 

47.5 

40.0 

43.5 

37.0 

45.0 

38.0 

i 

2 

43.0 

33.5 

44.5 

36.0 

47.0 

39.0 

43.0 

33.0 

44.5 

37.0 

A 

3 

42.0 

30.0 

44.0 

33.0 

47.0 

38.0 

42.0 

29.5 

44.0 

34.0 

i 

4 

41.0 

26.5 

43.0 

29.0 

46.0 

37.0 

41,0 

26.5 

43.0 

30.0 

A 

5 

40.0 

23.0 

i 42.0 

26.0 

45.5 

35.5 

39.5 

24.5 

41.5 

27.0 

1 

6 

38.5 

21.0 

41.0 

23.0 

45.0 

34.5 

38.0 

22.5 

40.0 

25.5 

A 

7 

36.5 


39.5 

21.0 

44.5 

33.5 

37.0 

21.0 

38.5 

24.0 

i 

8 

35.0 


38.0 


44.0 

32.5 

35.0 

20.0 

37.5 

22.5 

A 

9 

33.5 


36.0 


43.5 

32.0 

33.5 


36.0 

21.0 

i 

10 

32.0 


34.5 

1 

43.0 

31.5 

32.0 


34.5 

20.5 

a 

11 

30.5 


33.0 


43.0 

31.0 

30.5 


33.0 

20.0 

i 

12 

29.5 


32.0 


42.5 

30.5 

29.0 


31.0 



13 

28.0 


30.5 


42.0 

30.0 

28.0 


30.0 


i 

14 

27.0 


29.5 


41.5 

30.0 

27.0 


29.0 


a 

15 

26.5 


28.5 


41.0 

29.5 

26.0 


28.5 


1 

16 

25.5 


28.0 1 


40.5 

29.5 

25.5 


28.0 


u 

18 

24.0 


26.5 


40.0 

29.0 

24.5 


27.0 


li 

20 

23.0 


26.0 


39.5 

28.5 

24.0 


26.5 


li 

22 

22.0 


25.0 


39.0 

28.5 

23.5 


25.5 


li 

24 

21.5 


24.0 


39.0 

28.5 

23.0 


25.5 


1* 

26 

21.0 


23.5 


39.0 

28.5 

23.0 


25.0 


H 

28 

20.5 


23.0 


39.0 

28.5 

22.5 


25.0 


If 

30 

20.0 


23.0 


38.5 

28.5 

22.5 


24.5 


2 

32 

20.0 


23.0 


38.5 

28.5 

22.5 


24.0 



’“Data in Appendix II by courtesy of The Society of Automotive Engineers and 
American Iron and Steel Institute.’^® 
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Table 2. Tabulation of Band Linuts for Steela Containing 0.20 Per Cent Carbon 


Jominy 



1320 

4320 

4620 

4820 

8620 

8720 

UlSl 

Inches 

Six- 
teenths 
of an 
inch 

Rockwell 

c 

Rockwell 

C 

Rockwell 

C 

Rockwell 

C 

Rockwell 

C 

Rockwell 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

A 

1 

48.0 

40.5 

49.0 

41.5 

48.0 

40.5 

48.0 

40.5 

48.0 

40.5 

48,0 

40.5 

j 

2 

47.5 

37.0 

48.0 

38.5 

45.5 

31.0 

47.5 

39.5 

46.5 

35.0 

46.5 

35.5 

A 

3 

46.5 

33.0 

46.5 

34.0 

43.0 

26.0 

47.0 

37.5 

44.0 

30.0 

44.5 

29.0 

i 

4 

45.0 

28.5 

44.5 

31.0 

39.0 

22.0 

46.0 

35.0 

41.0 

26.5 

41.5 

25.5 

A 

5 

42.5] 

24.0 

42.0 

29.0 

35.5 

20.0 

45.0 

32.0 

37.0 

23.5 

38.0 

23.5 

i 

6 

39.0, 

20.5 

40.0 

27.0 

33.0 


43.5 

30.0 

34.5 

21.0 

36.0 

22.0 

A 

7 

36.0 


37.5 

25.0 

31.0 


42.5 

28.0 

32.5 


34.0 

21.0 

i 

8 

33.5 


35.5 

24.0 

29.5 


41.0 

26.5 

31.0 


33.0 

20.5 

A 

9 

31.5 


34.0 

22.5 

28.0 


39.0 

25.5 

29.5 


31.5 


i 

10 

30.0 


32.5 

21.5 

27.5 


37.5 

24.5 

28.5 


30.0 



11 

29.0 


31.0 

20.5 

26.5 


36.0 

23.5 

28.0 


29.5 


* 

12 

28.0 


30.0 

20.0 1 

26.0 


34.5 

23.0 

27.0 


28.5 



13 

27.5 j 


29.5 


25.5 


33.5 

22.0 

26.0 


28.0 


i 

14 

27.0 


29.0 


25.0 


32.5 

21.5 

25.5 


27.0 


a 

15 

26.5 


28.0 


24.5 


31.5 

21.0 

25.0 


26.5 


1 

16 

26.0 


27.5 


24.0 


31.0 

20.5 

24.5 


26.5 


li 

18 

25.0 


27.0 


23.5 


30.0 

20.0 

24.0 


25.5 


u 

20 

24.0 


26.5 


23.0 


29.0 


23.0 


25.0 



22 

23.5 


26.0 


22.5 


28.5 


23.0 


24,5 


li 

24 

23.0 


26.0 


22.5 


28.0 


22.5] 


24.0 


li 

26 

22.5 


25.5 


22.0 


27.5 


22.0 


23.5 


li 

28 

22.0 


25.5 


22.0 


27.0 


22.0 


23.5 


U 

30 

21.5 


25.5 


22.0 


27.0 


22.0 


23.5 


2 

32 

21.0 


25.5 


22.0 


26.5 


22.0 


23.5 
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Table 3. Tabulation of Band Limits for Steels Containing 0.30 Per Cent Carbon 


Jominy 

1330 

4130 

4132 

8630 

8632 

distance 













Rockwell C 

Rockwell C 

Rockwell C 

Rockwell C 

Rockwell C 














OlX- 












teenths 











Inches 

of an 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 


inch 











A 

1 

54.0 

46.5 

54.0 

46.5 

55.5 

48.0 

54.0 

46.5 

55.5 

48.0 

i 

2 

53.5 

44.5 

54.0 

45.0 

55.0 

46.0 

54.0 

45.0 

55.5 

47.0 

A 

3 

53.0 

42.0 

53.0 

42.0 

54.5 

43.5 

53.5 

42.5 

55.0 

45.0 

1 

4 

52.0 

38.0 

52.0 

39.0 

53.5 

40.5 

52.0 

39.0 

54.0 

42.0 

A 

5 

50.5 

33.5 

50.5 

36.0 

52.0 

37.5 

50.5 

35.5 

52.5 

38.5 

i 

6 

49.0 

29.5 

48.0 

33.5 

50.5 

35.5 

48.0 

33.0 

50.5 

35.5 

A 

7 

47.5 

27.0 

45.0 

31.5 

48.5 

33.5 

45.0 

30.5 

48.0 

33.0 

i 

8 

45.0 

25.0 

43.0 

30.0 

46.5 

32.0 

42.5 

29.0 

45.5 

31.0 

A 

9 

43.0 

23.0 

41.5 

28.5 

44.5 

31.0 

40.5 

27.5 

43.5 

29.0 

f 

10 

40.0 

21.5 

40.0 

27.5 

43.0 

29.5 

39.0 

26.0 

42.0 

28.0 

a 

11 

38.0 

21.0 

38.5 

26.5 

42.0 

29.0 

37.5 

25.0 

40.5 

27.0 

i 

12 

37.0 

20.0 

37.5 

26.0 

40.5 

28.0 

36.5 

24.5 

39.0 

26.0 

a 

13 

36.0 


36.0 

25.0 

39.5 

27.0 

35.0 

23.5 

38.0 

25.0 

i 

14 

35.0 


35.0 

24.0 

39.0 

26.5 

34.5 

23.0 

37.0 

24.5 

« 

15 

34.5 


34.5 

23.5 

38.0 

26.0 

33.5 

22.0 

36.5 

23.5 

1 

16 

34.0 


33,5 

23.0 

37.5 

25.0 

33.0 

22.0 

35.5 

23.0 

u 

18 

33.0 


32.5 

22.0 

36.0 

24.0 

32.0 

21.0 

34.5 

22.0 

li 

20 

32.0 


31.5 

21.0 

35.5 

23.0 

31.0 

20.5 

33.5 

21.5 

n 

22 

31.5 


31.0 

20.5 

35.0 

22.5 

30.5 

20.0 

33.0 

21.0 

u 

24 

31.0 


30.5 

20.0 

34.0 

22.0 

30.0 


32.5 

20.5 

u 

26 

30.0 


30.0 


34.0 

21.0 

29.5 


32.0 

20.0 

u 

28 

30.0 


30.0 


34.0 

20,5 

29.5 


32.0 

20.0 

H 

30 

29.5 


29.5 


34.0 

20.5 

29.0 


31.5 


2 

32 

29.0 


29.5 


34.0 

20.0 

29.0 


31.5 
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Table 4. Tabulation of Band Limits for Steels Containing 0.36 Per Cent Carbon 


Jominy 

1335 

4135 

8635 

8735 

9437 

dist)&iHC6 













Rockwell C 

Rockwell C 

Rockwell C 

Rockwell C 

Rockwell C 


C!:« 












BIX- 












teenths 











Inches 

of an 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 


inch 











A 

1 

57.0 

49.5 

57.0 

50.0 

57.0 

49.5 

57.0 

49.5 

58.5 

51.5 

i 

2 

57.0 

48.0 

57.0 

49.0 

57.0 

48.5 

57.0 

48.5 

58.5 

49.5 

A 

3 

56.5 

46.0 

57.0 

48.0 

57.0 

47.0 

56.5 

47.5 

58.0 

47.0 

i 

4 

56.0 

41.5 

! 56.5 

46.0 

56.0 

44.5 

56.0 

45.5 

57.5 

43.5 

A 

5 

55.0 

36.0 

1 55.5 

44.5 

55.0 

42.0 

55.0 

43.5 

56.5 

40.0 

i 

6 

53.5 

32.0 

54.5 

42.0 

53.0 

38.0 

53.5 

41.0 

55.5 

37.5 

A 

7 

51.0 

29.0 

53.5 

39.5 

51.0 

35.5 

52.0 

38.5 

54.5 

35.0 

i 

8 

49.0 

27.0 

52.0 

37.5 

48.0 

33.5 

50.0 

36.0 

53.0 

33.0 

A 

9 

47.0 

25.0 

51.0 

35.5 

46.0 

31.5 

48.0 

34.0 

51.5 

31.5 

i 

10 

45.0 

24.0 

49.5 

34.0 

44.5 

30.0 

47.0 

32.0 

49.5 

30.0 

a 

11 

43.0 

23.0 

48.5 

32.0 

43.0 

28.5 

45.5 

31.0 

48.0 

28.5 

i 

12 

42.0 

22.0 

47.5 

31.0 

42.0 

27.5 

44.5 

29.5 

47.0 

27.5 

a 

13 

40.5 

21.0 

46.5 

30.5 

40.5 

26.5 

43.0 

28.5 

45.5 

26.5 

i 

14 

39.5 

20.5 

45.5 

29.5 

39.5 

26.0 

42.5 

28.0 

44.5 

26.0 

ti 

15 

39.0 

20.0 

45.0 

29.0 

39.0 

25.0 

41.5 

27.0 

43.5 

25.0 

1 

16 

38.0 


44.0 

28.5 

38.0 

24.5 

41.0 

26.5 

43.0 

24.0 

u 

18 

36.5 


43.0 

28.0 

37.0 

24.0 

39.5 

25.5 

42.0 

23.0 

u 

20 

35.0 


42.0 

27.5 

36.0 

23.0 

38.5 

24.5 

41.0 

22.0 

li 

22 

34.5 


41.5 

27.0 

35.0 

22.5 

38.0 

24.0 

40.0 

21.5 

li 

24 

34.0 


41.0 

26.5 

34.5 

22.0 

37.5 

23.5 

39.0 

21.0 

li 

26 

33.5 


40.5 

26.0 

34.0 

21.5 

37.0 

23.0 

38.5 

21.0 

li 

28 

33.0 


40.0 

26.0 

33.5 

21.5 

36.5 

23.0 

38.0 

20.5 

li 

30 

32.5 


40,0 

25.5 

33.0 

21.0 

36.0 

22.5 

38.0 

20.5 

2 

32 

32.0 


39.5 

25.5 

33.0 

21.0 

36.0 

22.5 

37.5 

20.5 



Table 5. Tabulation of Band Limits for Steels Containing 0.40 Per Cent Carbon 
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Tablb 6. Tabulation of Band Limits for Steels Containing 0.45 Per Cent Carbon 
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63.0 
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1 55.0 

63.0 

55.0 

63.0 

55.0 

63.0 

55.0 
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2 

63.0 

54.5 
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63.0 
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63.0 

55.0 

63.0 

54.0 

A 

3 
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26.0 

14 

30 
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34.0 


42.0 
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47.0 
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46.0 

26.0 

2 

32 

53.5 

32.5 
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41.5 

27.5 

47.0 
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45.5 

26.0 
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Table 7. Tabulation of Band Limits for Steels Containing 0.60 Per Cent Carbon 
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1 
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45.0 
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34.0 
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35.0 

n 
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56.5 

34.0 


24 

60.0 
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40.0 

24.0 

44.0 

29.5 

48.5 

31.0 

55.5 

33.5 

If 

26 

59.5 
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23.0 
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28.5 
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33.0 

li 

28 
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42.0 

27.5 

47.0 
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33.0 

IJ 

30 

58.5 

36.0 

37.0 

21.0 

41.0 

26.5 

46.5 

29.5 

54.0 

32.5 

2 

32 

58.0 

35.5 

36.0 

20.0 

1 

40.0 

25.0 

46.0 

29.5 

54.0 

32.5 
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Table 8. Tabulation of Band Limits for Steels Containing 0.55 to 0.62 Per 
Cent Carbon 
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1 
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60.0 


60.0 


60.0 


60.0 

8 

2 


59.5 


60.0 


58.0 


59.0 


60.0 

A 

3 


59.0 


60.0 


55.0 


67.0 


59.0 

i 

4 


58.0 


59.5 

65.0 

50.5 


55.0 


57.5 

A 

5 


57.0 


59.0 

63.5 

44.0 

65.0 

51.0 


56.0 

1 

6 


55.5 


58.0 

62.0 

39.5 

64.0 

46.0 


53.5 

A 

7 


54.0 


57.0 

60.0 

37.0 

62.5 

42.0 

65.0 

50.0 

i 

8 


52.0 


55.5 

58.0 

35.0 

60.5 

39.0 

64.0 

44.0 

A 

9 

65.0 

50.5 


54.0 

i 56.0 

33.5 

59.0 

37.5 

63.0 

41.0 

i 

10 

64.5 

48.5 


52.0 

53.0 

32.5 

57.0 

36.0 

62.0 

38.5 

a 

11 

64.0 

47.0 


50.0 

50.0 

32.0 

54.5 

35.0 

60.0 

37.5 

i 

12 

63.0 

45.0 


1 48.5 

48.0 

31.0 

52.0 

1 

34.0 

58.5 

36.5 

a 

13 

62.0 

43.5 


47.0 

46.0 

30.0 

50.0 

33.0 

56.5 

36.0 

i 

14 

61.0 

42.0 

65.0 

45.5 

44.0 

29.5 

48.0 

32.0 

53.5 

35.0 

if 

15 

60.0 

40.5 

64.5 

44.5 

43.0 

29.0 

46.0 

31.5 

50.5 

34.0 

1 

16 

59.0 

39.5 

64.0 

43.0 

41.5 

28.5 

44.5 

31.0 

48.0 

33.5 

11 

18 

57.0 

37.5 

62.0 

41.0 

40.0 

27.5 

42.5 

30.0 

45.0 

32.5 

u 

20 

55.5 

36.0 

60.0 

39.5 

38.5 

26.5 

41.0 

29.5 

43.5 

31.5 

11 

22 

54.0 

35.0 

58.5 

38.0 

37.5 

26.0 

40.5 

28.5 

43.0 

30.5 

11 

24 

53.0 

34.0 

57.5 

37.0 

37.0 

25.5 

40.0 

28.0 

42.5 

30.0 

11 

26 

52.0 

33.0 

56.5 

35.5 

37.0 

25.0 

39.5 

27.5 

42.0 

29.5 

11 

28 

51.5 

32.5 

56.0 

35.0 

36.5 

24.5 

39.5 

27.0 

41.5 

29.0 

11 

30 

51.0 

32.0 

55.5 

34.0 

36.0 

24.0 

39.0 

26.5 

41.5 

28.5 

2 

32 

50.5 

31.5 

55.0 

33.5 

36.0 

24.0 

39.0 

26.0 

41.0 

28.0 


APPENDIX III* 

SAE Standard Numbering System for Wrought Steel 

A numeral index system is used to identify the compositions of the SAE 
steels, which makes it possible to use numerals on shop drawings or blue-prints 
that are partially descriptive of the composition of material covered by such 
numbers. In the original conception the first digit indicated the type to which 
the steel belongs; thus ‘1-^ indicated a carbon steel; ‘2- a nickel steel, and ‘3-' 
a nickel-chromium steel. In the case of the simple alloy steels the second digit 
generally indicates the approximate percentage of the predominant alloying 
element. Usually the last two or three digits indicate the approximate average 
carbon content in ‘points,’ or hundredths of 1 per cent. Thus ‘2340’ indicates 
a nickel steel of approximately 3 per cent nickel (3.25 to 3.75) and 0.40 per 
cent carbon (0.38 to 0.43). 

In some instances, in order to avoid confusion it has been found necessary to 
depart from this system of identifying the approximate alloy composition of a 
steel by varying the second and third digits of the number. Instances of such 
departure are the steel numbers selected for several of the corrosion- and heat- 
resisting alloys and the triple-alloy steels. 

The basic numerals for the various types of SAE steelt are: 



Numerals 

Numerals 


(and 


(and 

Type of steel 

digits) 

Type of steel 

digits) 

Carbon steels 

Ixxx 

Chromium steels 

5xxx 

Plain carbon 

lOxx 

Low Cr 

51xx 

Free cutting (screw) 

llxx 

Low Cr (bearing) 

501 XX 



Medium Cr (bearing) 

511xx 

Manganese steels 

13xx 

High Cr (bearing) 

521XX 



Corrosion and heat resisting. 

51xxx 

Nickel steels 

2xxx 



3.50 Ni 

23xx 

Chromium-vanadium steels 

6xxx 

5.00 Ni 

25xx 

1 per cent Cr 

61xx 

Nickel-chromium steels 

3xxx 

Silicon-manganese steels 

9xxx 

1.25 Ni, 0.60 Cr 

31xx 

2 per cent Si 

92xx 

1.75 Ni, 1.00 Cr 

32xx 



3.50 Ni, 1.50 Cr 

33xx 

Triple-alloy steels 


Corrosion and heat resisting 

30xxx 

Ni 0.40-0.70, Cr 0.40-0.60, 




Mo 0.15-0.25 

86xx 

Molybdenum steels 

4xxx 

Ni 0.40-0.70, Cr 0.40-0.60, 


C, Mo 

40xx 

Mo 0.20-0.30 

87xx 

Cr, Mo 

41xx 

Ni 3.00-3.50, Cr 1.00-1.40, 


Cr, Ni, Mo 

43xx 

Mo 0.08-0.15 

93xx 

Ni, Mo (1.75 Ni) 

46xx 

Ni 0.30-0.60, Cr 0.30-0.50, 


Ni, Mo (3.50 Ni) 

48xx 

Mo 0.08-0.15 

94xx 


Ni 0.40-0.70, Cr 0.10-0.25, 

Mo 0.15-0.25 97xx 

Ni 0.85-1.15, Cr 0.70-0.90, 

Mo 0.20-0.30 98xx 

Low alloy, high tensile 9xx 

*SAE Handbook.!** 

t Report of Iron and Steel Division adopted January 1912. Last revision by Iron 
and Steel Technical Committee, October 1947. 
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APPENDICES 


Chemical Compositions 

In 1941 the SAE Iron and Steel Division in collaboration with the American 
Iron and Steel Institute effected a major change in the method of expressing 
composition ranges for the SAE steels. The plan was based in general on nar- 
rower mill-heat analysis ranges plus certain check-analysis allowances on 
individual samples, in place of the previously fixed ranges and limits without 
tolerances formerly provided for carbon and other elements in the SAE steels. 
Under the close cooperation between the AISI and the SAE Iron and Steel 
Committee no changes in compositions, additions, or deletions of numbers are 
made by either society without informing the other of the proposed changes 
and holding open discussion between both groups in order to effect simultaneous 
changes. 

The compositions in Tables 1 to 10 may apply to either open-hearth or electric- 
furnace steels. Where they apply to electric-furnace steels^ the maximum P and 
S shall be 0.025. The nominal chemical limits or ranges in the compositions 
are subject to standard variations in check analysis given in the SAE Handbook. 
Where there is no prefix in AISI number, the steel is predominantly open hearth. 
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Table 1. Carbon Steels (see Notes 1 and 2).* These compositions are applicable 
only to semifinished products, bars (hot rolled and cold finished), and wire rods. 


SAE 

number 

Nominal chemical ranges, per cent 

Corresp. 

AISI 

number 

C 

Mn 

P max. 

S max. 

1006 

0.08 max. 

0.25-0.40 

0.040 

0.050 

C1006 

1008 

0.10 max. 

0.25-0.50 

0.040 

0.050 

C1008 

1010 

0.08-0.13 

0.30-0.60 

0.040 

0.050 

ClOlO 

1015 

0.13-0.18 

0.30-0.60 

0.040 

0.050 

C1015 

1016 

0.13-0.18 

0.60-0.90 

0.040 

0.050 

C1016 

1017 

0.15-0.20 

0.30-0.60 

0.040 

0.050 

C1017 

1018 

0.15-0.20 

0.60-0.90 

0.040 

0.050 

C1018 

1019 

0.15-0.20 

0.70-1.00 

0.040 

0.050 

C1019 

1020 

0.18-0.23 

0.30-0.60 

0.040 

0.050 

C1020 

1022 

0.18-0.23 

0.70-1.00 

0.040 

0.050 

C1022 

1024 

0.19-0.25 

1.35-1.65 

0.040 

0.050 

C1024 

1025 

0.22-0.28 

0.30-0.60 

0.040 

0.050 

C1025 

1027 

0.22-0.29 

1.20-1.50 

0.040 

0.050 

C1027 

1030 

0.28-0.34 

0.60-0.90 

0.040 

0.050 

C1030 

1033 

0.30-0.36 

0.70-1.00 

0.040 

0.050 

C1033 

1034 

0,32-0.38 

0.50-0.80 

0.040 

0.050 

C1034 

1035 

0.32-0.38 

0.60-0.90 

0.040 

0.050 

C1036 

1036 

0.30-0.37 

1.20-1.50 

0.040 

0.050 

C1036 

1038 

0.35-0.42 

0.60-0.90 

0.040 

0.050 

C1038 

1039 

0.37-0,44 

0.70-1.00 

0.040 

0.050 


1040 

0.37-0.44 

0.60-0.90 

0.040 

0.050 

C1040 

1041 

0.36-0.44 

1.35-1.65 

0.040 

0.050 

C1041 

1042 

0.40-0.47 

0.60-0.90 

0.040 

0.050 

C1042 

1043 

0.40-0.47 

0.70-1.00 

0.040 

0.050 

C1043 

1045 

0.43-0.50 

0.60-0.90 

0.040 

0.050 

C1045 

1046 

0.43-0.50 

0,70-1.00 

0.040 

0.050 

C1046 

1050 

0.48-0.55 

0.60-0.90 

0.040 

0.050 

C1050 

1052 

0.47-0.55 

1.20-1.50 

0.040 

0.050 

C1052 

1055 

0.50-0.60 

0.60^.90 

0.040 

0.050 

C1055 

1060 

0.55-0.65 

0.60-0.90 

0.040 

0.050 

C1060 

1062 

0.54-0.65 

0.85-1.15 

0.040 

0.050 

C1062 

1064 

0.60-0.70 

0.50-0.80 

0.040 

0.050 

C1064 

1065 

0.60-0.70 

0.60-0.90 

0.040 

0.050 

C1065 

1066 

0.60-0.71 

0.85-1.15 

0.040 

0.050 

C1066 

1070 

0.65-0.75 

0.60-0.90 

0.040 

0.050 

C1070 

1074 

0.70-0.80 

0.50-0.80 

0.040 

0.050 

C1074 

1078 

0.72-0.85 

0.30-0.60 

0.040 

0.050 

C1078 

1080 

0.75-0.88 

0.60-0.90 

0.040 

0.050 

C1080 

1085 

0.80-0.93 

0.70-1.00 

0.040 

0.050 

C1085 

1090 

0.85-1.00 

0.60-0.90 

0.040 

0.050 

C1090 

1095 

0.90-1.05 

0.30-0.50 

0.040 

0.050 

C1095 


•Notes for Tables 1--10 follow Table 10. 
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Table 2. Free-Cutting Steels (see Notes 1 and 2). Applicable only to blooms, 
billets, slabs, bars, and rods. Basic open-hearth and acid Bessemer resulphurized 
carbon steels. Subject to permissible variations for check analysis. (Resulphurized 
steel is not subject to check analysis for sulphur.) 


SAE 

Nonimal chemical ranges, per cent 

Corresp. 

AISI 

number 

number 

c 

Mn 

P 

s 

Bessemer 

nil 

0,13 Max. 

0.60-0.90 

0.07-0.12 

0.08-0.15 

Bllll 

1112 

0.13 Max. 

0.70-1.00 

0.07-0.12 

0.16-0.23 

B1112 

1113 

0.13 Max. 

0.70-1.00 

0.07-0.12 

0.24-0.33 

B1113 

Open hearth 
1109 

0.08-0.13 

0.60-0.90 

Max. 

0.045 

0.08-0.13 

Cl 109 

1114 

0.10-0.16 

1.00-1.30 

0.045 

0.08-0.13 

C1114 

1115 

0.13-0.18 

0.60-0.90 

0.045 

0.08-0.13 

C1115 

1116 

0.14-0.20 

1.10-1.40 

0.045 

0.16-0.23 

C1116 

1117 

0.14-0.20 

1.00-1.30 

0.045 

0.08-0.13 

C1117 

1118 

0.14-0.20 

1.30-1.60 

0.045 

0.08-0.13 

C1118 

1119 

0.14-0.20 

1.00-1.30 

0.045 

0.24-0.33 

C1119 

1120 

0.18-0.23 

0.70-1.00 

0.045 

0.08-0.13 

Cl 120 

1126 

0.23-0.29 

0,70-1.00 

0.045 

0.08-0.13 

Cl 126 

1132 

0.27-0.34 

1.35-1.65 

0.045 

0.08-0.13 


1137 

0.32-0.39 

1.35-1.65 

0.045 

0.08-0.13 

Cl 137 

1138 

0,34-0.40 

0.70-1.00 

0.045 

0.08-0.13 

Cl 138 

1140 

0.37-0.44 

0.70-1.00 

0.045 

0.08-0.13 

Cl 140 

1141 

0.37-0.45 

1.35-1.65 

0.045 

0.08-0.13 

C1141 

1144 

0.40-0.48 

1.35-1.65 

0.045 

0.24-0.33 

Cl 144 

1145 

0.42-0.49 

0.70-1.00 

0.045 

0.04-0.07 

Cl 145 

1146 

0.42-0.49 

0.70-1,00 

0.045 

0.08-0.13 

Cl 146 

1151 

0.48-0.55 

0.70-1.00 

0.045 

0.08-0.13 

C1151 


Table 3. Manganese Steels (see Note 3) 


SAE 

Nominal chemical ranges, per cent 

Corresp. 

AISI 

number 

number 

C 

Mn 

P max. 

S max. 

Si 

1 

1320 

0.18-0.23 

1.60-1.90 

0.040 

0.040 

0.20-0.35 

1320 

1330 

0.28-0.33 

1.60-1.90 

0.040 

0.040 

0.20-B.35 

1330 

1335 

0.33-0.38 

1.60-1.90 

0.040 

0.040 

0.20-0.35 

1335 

1340 

0.38-0.43 

1.60-1.90 

0.040 

0.040 

0.20-0.35 

1340 
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SAE 

Nominal chemical ranges, per cent 

Corresp. 

A TC!T 

number 

C 

Mn 

P max. 

1 S max. Si 

Ni 

Aiol 

number 

2317 

0.15-0.20 

0.40-0.60 

0.040 

0.040 0.20-0.35 

3.25-3.75 

2317 

2330 

0.28-0.33 

0.60-0.80 

0.040 

0.040 0.20-0.35 

3.25-3.75 

2330 

2340 

0.38-0.43 

0.70-0.90 

0.040 

0.040 0.20-0.35 

3.25-3.75 

2340 

2345 

0.43-0.48 

0.70-0.90 

0.040 

0.040 0.20-0.35 

3.25-3.75 

2345 

2512* 

0.09-0.14 

0.45-0.60 

0.025 

0.025 0.20-0.35 

4.75-5.25 

E2512 

2515 

0.12-0.17 

0.40-0.60 

0.040 

0.040 0.20-0.35 

4.75-5.25 

2515 

2517* 

0.15-0.20 

0.45-0.60 

0.025 

0.025 0.20-0.35 

4.75-5.25 

E2517 


“Electric-furnace steel. 


Table 5. Nickel-Chromium Steels (see Note 3) 


SAE 

Nominal chemical ranges, per cent 


Corresp. 

num- 
ber C 

Mn 

P 

max. 

S 

max. 

Ni 

Cr 

AISI 

number 

3115 0.13-0.18 

0.40-0.60 

0.040 

0.040 0.20-0.35 

1.10-1.40 

0.55-0.75 

3115 

3120 0.17-0.22 

0.60-0.80 

0.040 

0.040 0.20-0.35 

1.10-1.40 

0.55-0.75 

3120 

3130 0.28-0.33 

0.60-0.80 

0.040 

0.040 0.20-0.35 

1.10-1.40 

0.55-0.75 

3130 

3135 0.33-0.38 

0.60-0.80 

0.040 

0.040 0.20-0.35 

1.10-1.40 

0.55-0.75 

3135 

3140 0.38-0.43 

0.70-0.90 

0.040 

0.040 0.20-0.35 

1.10-1.40 

0.55-0.75 

3140 

3141 0.38-0.43 

0.70-0.90 

0.040 

0.040 0.20-0.35 

1.10-1.40 

0.70-0.90 

3141 

3145 0.43-0.48 

0.70^).90 

0.040 

0.040 0.20-0.35 

1.10-1.40 

0.70-0.90 

3145 

3150 0.48-0.53 

0.70-0.90 

0.040 

0.040 0.20-0.35 

1.10-1.40 

0.70-0.90 

3150 

3310* 0.08-0.13 

0.45-0.60 

0.025 

0.025 0.20-0.35 

3.25-3.75 

1.40-1.75 

E3310 

3316* 0.14-0.19 

0.45-0.60 

0.025 

0.025 0.20-0.35 

3.25-3.75 

1.40-1.75 

E3316 


’“Electric-furnace steel. 
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Table 6. Molybdenum Steels (see Note 3) 


Nomina! chemical ranges, per cent 


P S 
max. max. 


Mo 

ber 


4017 0.15-0.200.70-0.900.0400.0400.20-0.36 

4023 0.20-0.250.70-0.900.0400.0400.20-0.35 

4024 0.20-0.250.70-0.900.040 /. 035 0.20-0.36 

\.050 

4027 0.25-0.30 0.70-0.90 0.040 0.040 0.20-0.35 

4028 0.25-0.300.70-0.900.040 /. 035 0.20-0.35 

\.050 

4032 0.30-0.350.70-0.900.0400.0400.20-0.35 
4037 0.35-0.40 0.70-0.90 0.040 0.040 0.20-0.35 
4042 0.40-0.45 0.70-0.90 0.040 0.040 0.20-0.35 
4047 0.45-0.50 0.70-0.90 0.040 0.040 0.20-0.35 
4053 0.50-0.56 0.75-1.00 0.040 0.040 0.20-0.35 


0.20-0.30 4017 
0.20-0.30 4023 
0.20-0.30 4024 

0.20-0.30 4027 
0.20-0.30 4028 


0.20-0.30 4032 
0.20-0.30 4037 
0.20-0.30 4042 
0.20-0.30 4047 
0.20-0.30 4053 


4063 0.60-0.67 0.75-1.00 0.040 0.040 0.20-0.35 
4068 0.63-0.70 0.75-1.00 0.040 0.040 0.20-0.35 
41 19 0.17-0.22 0.70-0.90 0.040 0.040 0.20-0.35 
4125 0.23-0.28 0.70-0.90 0.040 0.040 0.20-0.35 
4130 0.28-0.33 0.40-0.60 0.040 0.040 0.20-0.35 


0.20-0.30 4063 
0.20-0.30 4068 
0.40-0.600.20-0.30 
0.40-0.600.20-0.30 
0.80-1.10 0.15-0.25 4130 


4137 0.35-0.400.70-0.900.0400.0400.20-0.35 
4140 0.38-0.43 0.75-1.00 0.040 0.040 0.20-0.35 
4145 0.43-0.48 0.75-1.00 0.040 0.040 0.20-0.35 
4150 0.48-0.53 0.75-1.00 0.040 0.040 0.20-0.35 


0.80-1.100.15-0.25 4137 
0.80-1.100.15-0.25 4140 
0.80-1.100.15-0.25 4145 
0.80-1.100.15-0.25 4150 


4317 0.15-0.20 0.45-0.65 0.040 0.040 0.20-0.35 1.65-2.00 0.40-0.60 0.20-0.30 4317 

4320 0.17-0.22 0.45-0.650.0400.0400.20-0.351.65-2.00 0.40-0.600.20-0.30 4320 
4340 0.38-0.43 0.60-0.80 0.040 0.040 0.20-0.35 1.65-2.00 0.70-0.90 0.20-0.30 4340 
4608 0.06-0.11 0.25-0.45 0.040 0.040 0.25 max. 1.40-1.75 0.15-0.25 4608 

4615 0.13-0.18 0.45-0.65 0.040 0.040 0.20-0.35 1.65-2.00 0.20-0.30 4615 

4617 0.15-0.20 0.45-0.65 0.040 0.040 0.20-0.35 1.65-2.00 0.20-0.30 


4620 0.17-0.22 0.45-0.65 0.040 0.040 0.20-0.35 1.65-2.00 0.20-0.30 4620 

X4620 0.18-0.23 0.50-0.70 0.040 0.040 0.20-0.35 1.65-2.00 0.20-0.30 

4621 0.18-0.23 0.70-0.90 0.040 0.040 0.20-0.35 1.65-2.00 0.20-0.30 4621 

4640 0.38-0.43 0.60-0.80 0.040 0.040 0.20-0.35 1.65-2.00 0.20-0.30 4640 

4812 0.10-0.15 0.40-0.60 0.040 0.040 0.20-0.35 3.25-3.75 0.20-0.30 4812 

4815 0.13-0.18 0.40-0.60 0.040 0.040 0.20-0.35 3.25-3.75 0.20-0.30 4815 

4817 0.15-0.20 0.40-0.60 0.040 0.040 0.20-0.35 3.25-3.75 0.20-0.30 4817 

4820 0.18-0.23 0.50-0.70 0.040 0.040 0.20-0.35 3.25-3.75 0.20-0.30 4820 
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SAE 

number 


Nominal chemical ranges, 

, per cent 


Corresp. 

AISI 

number 

C 

Mn 

Pmax. 

S max. I 

Si 

Cr 

5045 

0.43-0.48 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.55-0.75 

5045 

5046 

0.43-0.50 

0.75-1.00 

0.040 

0.040 

0.20-0.35 

0.20-0,35 

5046 

511S 

0.13-0.18 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.70-0.90 


5120 

0.17-0.22 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.70-0.90 

5120 

5130 

1 0.28-0.33 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.80-1.10 

5130 

5132 

0.30-0.35 

0.60-0.80 

0.040 

0.040 

0.20-0.35 

0.80-1.05 

5132 

5135 

0.33-0.38 

0.60-0.80 

0.040 

0.040 

0.20-0.35 

0.80-1.05 

5135 

5140 

0.38-0.43 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.70-0.90 

5140 

5145 

0.43-0.48 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.70-0.90 

5145 

5147 

0.45-0.52 

0.75-1.00 

0.040 

0.040 

0.20-0.35 

0.90-1.20 

5147 

5150 

0.48-0.53 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.70-0.90 

5150 

5152 

0.48-0.55 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.90-1.20 

5152 

50100* 

0.95-1.10 

0.25-0.45 

0.025 

0.025 

0.20-0.35 

0.40-0.60 

E50100 

51100* 

0.95-1.10 

0.25-0.45 

0.025 

0.025 

0.20-0.35 

0.90-1.15 

E51100 

52100* 

0.95-1.10 

0.25-0.45 

0.025 

0.025 

0.20-0.35 

1.30-1.60 

E52100 


* Electric-furnace steel. 


Table 8. Chromium-Vanadium Steels (see Note 3) 


SAE 

num- 

ber 

Nominal chemical ranges, per cent 

Corresp. 

AISI 

number 

C 

Mn 

P 

max. 

S 

max. 

Si 

Cr 

V 

min. 

6150 

0.48-0.53 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.80-1.10 

0.15 

6150 


Table 9. Silicon-Manganese Steel (see Note 3) 


SAE 

number 

Nominal chemical ranges, per cent 

Corresp. 

AISI 

number 

C 

Mn 

P max. 

S max. 

Si 

Cr 

9254 

0.50-0.60 

0.50-0.80 

0.040 

0.040 

1.20-1.60 

0.50-0.80 


9255 

0.50-0.60 

0.70-0.95 

0.040 

0.040 

1.80-2.20 


9255 

9260 

0.55-0.65 

0.70-1.00 

0.040 

0.040 

1.80-2.20 


9260 

9261 

0.55-0.65 

0.75-1.00 

0.040 

0.040 

1.80-2.20 

0.10-0.25 

9261 

9262 

0.55-0.65 

0.75-1.00 

0.040 

0.040 

1.80-2.20 

0.25-0.40 

9262 
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Tablb 10. Triple- Alloy Steels (see Note 3) 


SAE 

num- 

ber 

Nominal chemical ranges, per cent 

Cor- 

resp. 

AISI 

num- 

ber 

c 

Mn 

P 

s 

Si 

Ni 

Cr 

Mo 

8615 1 

0.13-0.18 

0.70-0.90' 

0.040 

0.040' 

0.20-0.35 

0.40-0.70 

0.40-0.60 

0.15-0.25 

8615 

8617 1 

0.15-0.20 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.40-0.70 

0.40-0.60 

0.15-0.25 

8617 

8620 

0.18-0.23 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.40-0.70 

0.40-0.60 

0.15-0.25 

8620 

8622 

0.20-0.25 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.40-0.70 

0.40-0.60 

0.15-0.25 

8622 

8625 

0.23-0.28 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.40-0.70 

0.40-0.60 

0.15-0.25 

8625 

8627 

0.25-0.30 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.40-0.70 

0.40-0.60 

0.15-0.25 

8627 

8630 

0.28-0.33 

0.70-0,90 

0.040 

0.040 

0.20-0.35 

0.40-0.70 

0.40-0.60 

0.15-0.25 

8630 

8632 

0.30-0.35 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.40-0.70 

0.40-0.60 

0.15-0.25 

8632 

8635 

0.33-0.38 

0.75-1.00 

0.040 

0.040 

0.20-0.35 

0.40-0.70 

0.40-0.60 

0.15-0.25 

8635 

8637 
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Note 1. For standard variations in compcjsition limits, refer to the table of 
standard variations, open-hearth and acid-Bessemer carbon-steel bars given in the 
SAE Handbook. 

Note 2. When silicon is specified in basic open-hearth steels, silicon may be 
ordered only as 0.10 per cent maximum in grades up to SAE 1010 inch ; 0.10 per cent 
max., 0.10-^.20, or 0.15-0.30 per cent in grades from SAE 1015 to 1025 incl.; and 
0.10-0.20 or 0.15-0.30 for grades over SAE 1025. In the case of many grades of 
basic open-hearth steel, special practice is necessary in order to comply with a specifi- 
cation including silicon. Acid-Bessemer steel is not furnished with specified silicon 
content. 

Note 3. For standard variations in composition limits, refer to the tabic of 
standard variations, open-hearth alloy and electric-furnace steel bars and billets 
given in the SAE Handbook. 
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Tablb 2. Conversions Based on Brinell. The value in this table shown in bold-faced type correspond to the values shown 
in the corresponding joint SAE-ASM-ASTM Committee on Hardness Conversions as printed in ASTM Spec. E48-43T, Table 3. 
Values in ( ) are beyond normal range and are given for information only. 
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tages, 113, 122 
disadvantages, 122 
importance of cooling rates, 116-120 
importance of severity of quench, 
120-122 

method, 113-115 
specimens, 113 

typical Jominy curves, 114, 115 
determination by Rockwell-Inch test, 

124 

determination by special tests, 123-127 
effect of alloying elements, 85 
effect of boron, 106-108 
effect of carbide solubility, 20 
effect on mechanical properties, 183- 
199 

effect of prior structure, 22 
effect of tempering, 152-154 
evaluation of cooling rates, 10 
history, 5 

ideal critical diameter, 92-95 
determination of, 9^99 
and martensite, 98, 105-107 
importance of full hardening, 105 
index of, 92-95 

martensite-base hardness, 132-138 
mechanical properties and full or 
partial hardening, 105 
nomographic chart for as-quenched 
hardness, 137 

relation to elongation and reduction of 
area, 193-195 

relation to hardness, 89-92, 183-187 
relation to impact resistance, 198-200, 
204 

relation to tensile strength, 183-187 
relation to yield strength, 187-192 
of shallow-hardening steels, tests, 123- 

125 

specifying Jominy hardenability, 115 
and steel selection, 211-215 
variables affecting, 6 
Hardenability bands, development, 139 
limits for H steels, 237-246 
maximum and minimum in, 142-145 
precautions in use of, 145 
use in specifications, 143-145 
Hardening, degree of, expressing, 90-92 
depth of, effect of carbide solubility, 20 
effectiveness of quench, 62-71 
furnace atmosphere, effect of, 27 
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Hardening — donlinued 
heating for, essentials, 14-16 
incomplete, effect on mechanical prop- 
erties, 185-199 

maximum hardness attained, 87 
protective atmospheres, 2^31 
protective coatings, 28 
rate of heating for, 20-23 
salt baths for, 28 
stages in quenching, 56-58 
temperatures for, 16 
variables affecting, 9, 14 
warping and cracking, 23 
{See also Quenching) 

Hardness, calculated, by addition 
method, 132-138 

from ideal critical diameter, 132-134 
of carbon steel, effect of alloying ele- 
ments, 85-88 
conversions, 256-261 
maximum, effect of carbon content, 87 
of quenched steel, effect of tempering, 
149-153 

relation to hardenability, 89-92 
relation to structure, 85-88 
relation to tensile strength, 183-187 
tempered, calculated by addition 
method, 157, 161-168 
calculated from ideal diameter, 168- 
171 

effect of alloying elements, 154-164 
effect of time and temperature, 175- 
181 

Heat treatment, early history, 3-6 
{See also Annealing; Hardenability; 
Hardening; Normalizing; Quench- 
ing; Tempering) 

Hot working, importance in steel selec- 
tion, 215 

H steels, band limits, 237-246 
compositions, 235-237 

Ideal critical diameter, calculated, rela- 
tion to actual diameter, 102 
defined, 11 
determination of, 96 
for calculating hardenability, 96-100 
for calculating Jominy curve, 130-132 
for calculating percentage of mar- 
tensite, 98, 105-107 
for calculating tempered hardness, 
168^171 

from chemical composition, 99 
index of hardenability, 92-95 
relation to Jominy test, 120-122 

Ideal quench, delink, 11 


Impact resistance, calculation of, by 
addition method, 200-202 
. effect of austempering, 199 
relation to hardenability, 198-200, 204 
relation to tempered hardness, 200 
relation to tensile strength, 197, 204, 
226-231 

significance, 205-207 
variables affecting, 198, 199 
{See also Mechanical properties) 
Iron-carbon diagram, 16 
Isothermal annealing, 38, 40, 41 
Isothermal transformation, of austenite, 
35-38, 49 
to bainite, 40-43 
effect of alloying elements, 46 
to pearlite, 38-40 

Isothermal-transformation diagram, 
classification of steels, 46-47 
features, 36-38 

relation to continuous cooling, 33, 51 
types of, 46 

Jominy curve, actual and calculated 
hardness, 134 

calculation of, by addition method, 
132-139 

from ideal critical diameter, 130-132 
determination of quenching severity, 
69-78 

effect of carbon content, 132-138 
effect of cooling rate on carbon-base 
hardness, 135-137 

relation to structure of martensite, 151, 
152 

Jominy test, advantages, 113, 122 
disadvantages, 122 
method of making, 113-115 
relation to cooling rates, 116-120 
oil and water, 119, 120 
specifying hardenability by, 115 
specimens, 113 
typical curves, 114, 115 

Low-alloy steels, classes according to 
isothermal diagram, 47 
classification by strength, 232 
composition, of H steels, 235-237 
of SAE and AISI steels, 247-255 
hardenability-band limits, 237-246 
hardness and strength, effect of carbon, 
185-187 

normalizing and austenitizing tem- 
peratures, 19 

selection, for ease in processing, 215- 
219 
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Low-alloy steels, selection , — Continued 
for hardenability, 211-215 
for hot-working properties, 215 
importance of cost, 221-223, 233 
for machinability, 216, 217 
non-standard compositions, 220-224 
principles of, 219, 220 
standard compositions, 224-233 
temper brittleness, 202-204 
tempering, effect of alloying elements, 
156-164 

tensile strength versus impact resist- 
ance, 226-231 

Machinability, effect of annealing, 40, 41 
and steel selection, 216, 217 
Manganese, effect on eutectoid, 18 
effect on hardening temperature, 17 
effect on quenched hardness, 132, 135 
effect on structure and properties of 
carbon steel, 85-87 
effect on tempering, 158, 161 
factor for hardenability, 102 
Martempering, 49 

Martensite, base hardness of steel due to, 
132-138 
defined, 7 

determination of, from ideal critical 
diameter, 98, 105-107 
formation of, 34-38, 40-43, 47-51 
effect of composition, 48-51 
hardness of, effect of tempering, 140^ 
153 

maximum, 87 

hardness and Jominy curve, 132-138 
heat evolution in tempering, 148 
M. temperature, variables affecting, 
48-51 

structure of, 40-43 
relation to Jominy curve, 151, 152 
three types, 151, 152 
tempering to avoid brittleness, 199 
Mechanical properties, effect of incom- 
plete hardening, 185-199 
effect of rolling direction, 188-196 
effect of tempering, 154, 185, 198 
full and incomplete hardening, impor- 
tance in steel selection, 211-215 
relation to hardenability, 105, 183-199 
(^See also Elongation; Fatigue strength; 
Impact resistance; Reduction of 
area; Tensile strength; Yield 
strength) 

Metallography, beginning, 4 
Microscope, first use on steel, 4 


Molybdenum, effect on eutectoid, 18 
effect on hardening temperature, 17 
effect on quenched hardness, 132, 135 
effect on structure and properties of 
carbon steel, 85-87 
effect on temper brittleness, 203 
effect on tempering, 156-158, 164 
factor for hardenability, 102 

Nickel, effect on eutectoid, 18 
effect on hardening temperature, 17 
effect on quenched hardness, 132, 135 
effect on structure and properties of 
carbon steel, 85-87 
effect on tempering, 158, 163 
factor for hardenability, 102 

Normalizing, advantages for harden- 
ability, 22 

Normalizing temperatures, for carbon 
and low-alloy steels, 16, 19 

Notch toughness {see Impact resistance) 

Nucleation and growth, 43 

Pearlite, defined, 8 
formation of, 38-40 
hardness of, effect of tempering, 153 
structure of, 38-40 

Phosphorus, effect on structure and 
properties of carbon steel, 85-87 

Plates, critical and ideal critical diam- 
eters, 92-97 

P-V hardenability test, 125-127 

Pyrometry, beginning, 6 

Quenching, bars, severity of quench, 
64-71 

carbon steel, maximum hardness 
attained, 87 
cooling the surface, 56 
cooling-rate gradients, 54 
cooling rates, center and surface, 54 
and Jominy test, 116-120 
oil and water, 119, 120 
critical diameter {see Hardenability) 
Du, relation to D, 64-68 
effect of boron on hardness gradient, 
107-109 

fiats, severity of quench, 77 
formula for center cooling rates, 58 
French's method for determining rates, 
58-62 

mechanism of cooling, 56 
methods of studying, 54 
plates, severity of quench, 64-68, 77 
severity (H) of, determination, 62-71 
from Jominy tests, 69-71 
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Quenching, severity of , — Continued 
relation to bar diameter and mar- 
tensite, 109 

relation to Jominy test, 120-122 
squares, severity of quench, 77 
structure and properties, relation of, 
105 

{See also Hardening) 

Quenching mediums, cooling rates, oil 
and water, 57, 60-63 
effectiveness, 56, 62-71 
Quenching temperatures, effect of alloy- 
ing elements, 17 
effect of carbon, 16 
{See also Austenitizing temperatures) 

Reduction of area, relation to harden- 
ability, 193-195 

relation to tensile strength, 194-196 
{See also Mechanical properties) 
Rockwell-Inch hardenability test, 124 

SAE steels, composition, 247-255 
Salt baths, for hardening, 28 
Selection of steel, costs compared, 221- 
223, 233 

factors affecting hot working, 215 
factors determining, 210-213 
general principles, 219, 220 
machinability, 216, 217 
serviceability, 213-215 
steels of non-standard composition, 
220-224 

steels of standard composition, 224- 
233 

variables in processing, 217-219 
Shepherd hardenability tests, 125, 126 
Silicon, effect on eutectoid, 18 

effect on hardening temperature, 17 
effect on quenched hardness, 132, 135 
effect on structure and properties of 
carbon steel, 85-87 
effect on tempering, 158, 159, 162 
factor for hardenability, 102 
Steel, selection of {see Selection of steel) 
Structure, of carbon steel, relation to 
hardness, 85-88 

of quenched steel, effect of tempering, 
147-149 

relation to properties, 5, 8 

Temper brittleness, described, 202-204 
effect of cooling rate, 203, 204 
effect of testing temperature, 204 
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Tempered hardness, calculated, effect of 
time, 175-177 

time-temperature relation, 177-181 
calculation by addition method, 161- 
168 

calculation from ideal diameter, 168- 
171 

effect of alloying elements, 154-164 
explanation, 171-175 
effect of time, 175-177 
effect of time and temperature, 175- 
181 

relation to impact resistance, 200 
Tempering, effect on hardness, 149-153 
effect of initial structure, 153 
effect on mechanical properties, 154, 
185-187, 198, 199 
effect on structure, 147-149 
heat evolution in, 148 
stages of, 151-154 
steels of varying hardenability, 153 
Tempering temperature, effect on hard- 
ness, 151 

Tensile strength, conversions from hard- 
ness, 256-261 
estimation of, 183-186 
relation to elongation and reduction of 
area, 194-196 

relation to hardenability, 183-187 
relation to hardness, 183-187 
relation to impact resistance, 197, 204, 
226-231 

relation to yield strength, 187-192 
variables affecting, 183-187 
{See also Mechanical properties) 
Titanium, effect on eutectoid, 18 
Tool steel, hardenability test for, 125-127 
hardness, effect of tempering, 150, 151 
T-T-T diagram {see Isothermal-trans- 
formation diagram) 

Tungsten, effect on eutectoid, 18 
effect on hardening temperature, 17 

Vanadium, effect on hardening tempera- 
ture, 17 

Warping, in quenching, 23 

Yield ratio, defined, 187 
of incompletely hardened steels, 188- 
193 

Yield strength, defined, 187 
relation to hardenability, 187-192 
relation to tensile strength, 187-192 
{See also Mechanical properties) 





